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ABSTRACT
RALPH JOHN BARKER. Z01 as a Factor in the Remodeling of Myocardial
Gap Junctions. (Under the direction of Robert G. Gourdie, Ph.D.)
The remodeling of connexin43-containing gap junctions (GJs), as defined
by changes in size, distribution, or function, is a prominent feature of both the
developing and diseased myocardium. During postnatal development of the
mammalian ventricle, there is a progressive remodeling of GJs into intercalated
disks. This change in GJ quantity and distribution is correlated with alterations in
the velocity and anisotropy of impulse spread within differentiating myocardium.
Orderly distribution of GJs is perturbed in many cardiac diseases, and reemergence of immature patterns of myocyte coupling may be a factor in the
arrhythmogenic potential attending such pathologies. Although mechanisms
responsible for this remodeling process remain to be determined, previous
reports have suggested involvement of the actin-binding MAGUK protein Z01.
Here we report that in the rat myocardium, connexin43 and Z01 show low to
moderate levels of association, as determined by confocal microscopy, immunoelectron microscopy, and co-immunoprecipitation. However, connexin43-Z01
association is increased following dispersion of myocytes from intact
myocardium, a process known to induce GJ remodeling. To further probe roles
for Z01 in GJ remodeling, connexin43-Z01 interactions were inhibited using
approaches that targeted pertinent binding sites on either connexin43 or Z01. In
the first approach, infection of myocytes in vitro and in vivo with adenovirus
expressing a putative dominant negative inhibitor of Z01-connexin43 interaction
resulted in increases in connexin43 particle size and alterations in connexin43
However, N-cadherindistribution from the membrane to the cytoplasm.
containing adherens junctions were also disrupted by this treatment, suggesting
that this inhibitor may not be wholly specific for the connexin43-Z01 interaction.
In a second approach, the use of a novel, rationally designed inhibitor peptide,
based on the PDZ binding domain of connexin43, resulted in striking increases
in connexin43 GJ size and quantity between cultured neonatal myocytes. Unlike
the Z01 truncation mutant, the inhibitory peptide did not induce GJ redistribution
to the cytoplasm or cause disruption to mechanical junctions. Finally, increased
GJ size was correlated with decreased connexin43-Z01 interaction over normal
postnatal growth in vivo. Based on the data reported herein, it was concluded
that Z01 interaction is a key regulator of the size and level of GJs containing
connexin43.
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CHAPTER I. INTRODUCTION AND BACKGROUND

CHAPTER I. INTRODUCTION AND BACKGROUND

Gap Junctions: Structure and Function
Cell-to-cell communication is essential for the existence of multicellular
organisms. Diverse processes, such as those regulating homeostasis, exchange
of signaling factors, growth, differentiation, and electrical and metabolic coupling
are dependent on direct communicative contact between cells.

Of the many

mechanisms that have evolved for intercellular communication, one of the most
fundamental is the gap junction (GJ). A GJ is an aggregate of transmembrane
channels that directly links the cytoplasm of adjacent cells (Kumar et ai, 1996;
Goodenough et aI., 1996; Willeke et aI., 1999). This type of intercellular junction
can be found nearly ubiquitously in animal tissues, with the notable exceptions of
mature skeletal muscle and circulating blood cells.
Ultrathin sections examined by electron microscopy reveal GJs as
pentalaminar structures of close association between the membranes of
neighboring cells.

Each of the apposing membranes of the GJ plaque are

separated by a gap of 2-3nm (Severs, 1995).

These specialized domains of

membrane contain a tightly packed, honeycomb-like array of specialized
transmembrane channels known as connexons (Kumar et aI., 1996). Tens to
thousands of connexons combine to form a single GJ plaque. The end-to-end
abutment of connexons contributed by adjacent cell membranes forms an
intercellular channel with a pore size of about 2.5nm (Unger et aI., 1999).
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Connexons are assembled from six protein subunits known as connexins
that contain four highly conserved transmembrane domains.

Of these four

domains, the third contains an abundance of amphipathic amino acids, and this
domain is thought to line the interior of the channel. The amino and carboxyl
termini of the connexin protein are located at the cytoplasmic face of the
membrane along with the second of three transmembrane linker regions (see
figure 1-1).

The first and third linker regions at the membrane extracellular

surface are involved in the docking of connexon channels to form an intercellular
channel (Unger et aI., 1999).

Table 1-1. The Connexin Multigene Family. At least 16 connexin
subtypes are known to exist, with almost all tissues and cells
containing one or more connexin subtypes. Examples are presented
of tissues in which these connexins are expressed. Two naming
systems have been developed based on connexin homology (Greek
letter nomenclature) or on predicted molecular weight (Molecular mass
nomenclature). Reproduced from Kumar et aI., 1999.

Greek letter nomenclature

Molecular
mass
nomenclature

Predicted
molecular mass
(kDa)

Human
chromosome
location

Examples of
organs with
expression

CXt

Cx43

43

6q21-q23.2

Heart

cx2

Cx38

37.8

CX3

Cx46

46

13ql1-q12

Lens

cx4

37.2

lp35.1

Endothelium

CXs

Cx37
Cx40

40.6

lq21.1

Lung

CX6

Cx45

CX7

Cx33

45.5
32.9

eta

CxSO

48.2

et9

Cx60

etta

Cx46.6

f3t

Embryo

Heart
Testes
lq21.1

Lens

60

Ovary

46.6

lq41-q42

Cochlea

Cx32

32

Xq13.1

Liver

fJ2

Cx26

26.2

13ql1-q12

Liver

P3
P4
Ps
P6

Cx31

31

Skin

Cx31.1

31.1
30.3
30.4

Skin

Cx30.3
Cx30

3

Skin
Skin

Variation in size and function among the connexins are due primarily to
differences found at the carboxyl-termini and cytoplasmic transmembrane linker
regions.

Nearly two dozen connexin subtypes have been characterized, and

each may possess unique functional characteristics, such as conductance,
particle selectivity, voltage dependency, interacting proteins (Barker et aI.,
2002b), and modalities of regulation (Kumar et aI., 1999).

The current

convention for the naming of connexins was developed as a result of the 2001
International GJ Conference, and is based on the predicted molecular weight of
the protein in kiloDaltons (kD).

Thus, a connexin protein with a predicted

molecular weight of 43kD would be named connexin43 (Cx43).

Another well-

known convention for the naming of connexins also exists based on amino acid
sequence homologies. Two groups of connexins, a and

f3,

have been defined

based on evolutionary divergence within the gene family (see Table 1-1) (Kumar
etal., 1996).
The characteristics of GJ channels are thought to be determined in large
extent by the various connexins from which they are comprised. In addition to
the homomeric channels most commonly found in cells, connexons may be
composed of more than one connexin subtype, forming a heteromeric
hemichannel (Evans et aI., 2002). Furthermore, both homotypic and heterotypic
intercellular channels can be formed by the assembly of identical or differing
connexons, respectively, into a single channel (Bruzzone et ai, 1996).

The

composition of connexins within a connexon may affect GJ characteristics and
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represents one layer of functional diversity and control that is available for the
regulation of these channels.

A

Channel pore

tm.'\:~·bmiJP

Membrane cell 1
Membrane cell 2

Connexin /
/
/
/
/

B

\

.........

\

Connexon..................
\

homotypic
channels

\

heterotypic
channels

\
E1

"- ...
0 0 000

00

\

I

C

"-

0

o

°

0

0 0° 0
000

0°0 000
00 00°
00 000
00° 00°

E2

Extracellular gap

homomeric
connexons

heteromeric
connexons

Membrane

Cytoplasm

Figure 1-1. The Structure of Connexons and Connexins that
Comprise GJ Intercellular Channels. A, GJs are composed of tightly
packed arrays of intercellular channels formed by the end-to-end
abutment of connexon hemichannels. Six connexin proteins (8)
combine to form a connexon. Connexins contain highly conserved
transmembrane domains and differ primarily in their carboxyl termini
and cytoplasmic linker regions. C, Connexins are capable of forming
both homomeric and heteromeric connexons. Furthermore, identical
or differing connexons may join to form homotypic and heterotypic
channels, respectively. Thus, GJs are capable of exhibiting a high
level of functional diversity. Reproduced from van Veen et al. (2001).
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Cellular contents of up to 1000 Daltons, including ions, signaling factors,
metabolites, and second messenger molecules, may pass through an open
connexon channel (Loewenstein, 1981), while the movement of polypeptides and
other larger particles is restricted.

In addition to allowing the exchange of

molecules between cells, ion flux through GJs permits electrical connectivity
between membranes in excitable cell types such as neurons and myocytes
(Naus et aI., 1993; Severs et aI., 1999).

GJs may also exhibit different

conduction states due to various regulatory factors which include signaling
molecules (Kardami et aI., 1998), kinase activity (Lampe et aI., 2000), and
pharmacological agents (Dhein et aI., 1998).

Channels gating may alter in

response to changes in pH and cytosolic calcium levels (Severs et aI., 1995).
GJs play an important role in intercellular communication in processes as
diverse as homeostasis, growth, development, and differentiation. GJ channels
allow relatively nonspecific passage for molecules less than 1.5 nm in size, but
may discriminate between second messengers such as cAMP, cGMP, and IP3
(Kumar et aI., 1996). Certain GJs are also voltage dependent, which enables
these channels to act as low resistance pathways for the spread of electrical
conductance in myocytes and neurons (Spray et aI., 1994). This level of control
of GJ communication suggests the existence of intricate systems for regulation of
electrical connectivity, metabolic coupling, and the exchange of molecules and
signaling factors. This highly regulatable system may encourage communication
limits in specific areas of tissue, thereby inducing cell polarity and boundary
formation. One example can be found in polarized thyroid epithelial cells. GJs

6

found within the subapical region of this cell type are composed primarily of
Cx43, while GJs at the lateral areas of cell membrane consist of the connexin 32
(Cx32) subtype (Guerrier et aI., 1995). The molecular mechanisms determining
this differential distribution of connexins within cells is presently unknown.

The Life Cycle of a Connexin Protein
One mechanism for regulating the quantity, distribution, or function of GJs
may be through assembly and degradation.

Connexins have been shown to

have relatively short half-lives that may be measured in a few hours. In liver, the
half life of connexin32 is about 5 hours (Fallon et aI., 1981), while the half-life of
Cx43 may be as short as 1.5 hours in the mammalian heart (Beardslee et aI.,
1998). GJ plaques may be constantly remodeled by the continuous addition and
removal of connexon channels.

Furthermore, entire GJ plaques can be

endocytosed and degraded (Severs et aI., 1989).
The trafficking and assembly of connexins and connexons, as well as the
formation of GJs, are currently areas of intense investigation.

Whire much is

known about the overall life cycle of the connexin (see figure 1-2), many of the
details have yet to be worked out. Connexins are co-translationally imported into
the endoplasmic reticulum (ER) and appear to be processed by signal peptidase
(Falk et aI., 1994). Connexin proteins probably do not form oligomers in the ER,
as do many other proteins (Musil et aI., 1991). Following trafficking to the Golgi,
connexins are phosphorylated (Puranam et aI., 1993). Connexon formation is
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likely to occur in the trans-Golgi network, followed by the transport of channels to
the cell membrane by classical transport pathways (Musil et aI. , 1993).
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Figure 1-2. The Life Cycle of a Connexin Protein. Connexin
proteins are co-translationally transported into the ER, then sent to the
Golgi where phosphorylation may occur. Oligomerization occurs in the
trans Golgi network, and may be related to phosphorylation.
Connexon channels are transported to the cell membrane where GJ
plaques are formed. GJs are then degraded either by the lysosome
and/or the proteosome. Figure reproduced from Laird et aI. , 1996.

Many questions remain as to how GJs become clustered into plaques at
the cell membrane. Are GJs targeted to specific regions of the membrane by
adapter molecules or randomly inserted into the membrane to cluster into
plaques? Are GJs aggregated by further adapter molecules or other connexin
interacting proteins? Cell adhesion junctions are often found adjacent to sites of
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cell-cell coupling.

Do these mechanical junctions function to stabilize and/or

recruit connexins to areas of membrane, as suggested by some workers (Angst
et aI., 1997; Meyer et aI., 1992)? Whatever the specific mechanisms, it is clear
that cells invest much effort to ensure tight regulation of the levels, composition,
and geometries of GJ coupling.
GJ degradation is likely to occur through more than a single pathway. GJs
may be internalized to form annular GJs that are degraded by the lysosome
(Naus et aI., 1993).

GJ-like membrane fragments, likely to be remnants of

annular GJs, have been localized to the lysosome (Laird et aI., 1996).

Re-

targeting to the cell surface has not yet been ruled out, but because of the
complexity of GJ assembly and targeting, it seems unlikely that such a process
occurs following endocytosis of plaques. There is also evidence that GJs may be
degraded via a ubiquitin-dependent proteosomal pathway, as inhibitors of
proteosomal enzymes are able to increase the half-life of connexin proteins
(Laing et aI., 1995, 1997).

Connexins in Cardiac Development and Disease
In the mammalian heart, the spread of electrical activation begins at the
sino-atrial (SA) node and is propagated through the atria to the atrio-ventricular
(AV) node, where conduction is delayed to allow for efficient filling of the
ventricles (Gourdie et aI., 2003; Moorman et aI., 1998). Activation then proceeds
from the AV node to the working myocardium through the specialized conduction
tissues known as the His-Purkinje system.
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Cardiomyocytes are extensively

interconnected by GJs, which have a well characterized role in coordinating the
activation of the myocardium (Severs, 1996).

Ion flux through GJs permits an

orderly and sequential excitation and contraction of heart muscle. In addition to
the role of GJs in conduction and activation, the migration of the cardiac neural
crest and the proepicardial progenitors of coronary vascular tissues may be
dependent upon the function of GJs (Lo et aI., 2002; Xu et aI., 2001). In addition,
early cardiogenesis and cardiac morphogenesis may also be dependent on cellcell communication through GJs (Levin et aI., 1998; Reaume et aI., 1995; Va et
aI., 1998).
The mammalian heart has been shown to contain transcripts from six
different connexin subtypes, although three, Cx40, Cx43, and Cx45, can be
found in abundance (Gras et aI., 1996; Gourdie et aI., 2000, Severs et aI., 2001).
Differences in cardiac impulse conduction within specific areas of the heart is due
in part to the overall pattern of distribution of connexin subtypes, which has been
correlated with varying electrophysiological properties (Litchenberg et aI., 2000;
Gros et aI., 1994). Cx40 and 45 can be found primarily in atria and specialized
pacemaking and conduction tissues (Gourdie et aI., 1992, 1993; Coppen et aI.,
1998, 1999), while GJs in the working ventricular myocardium are composed
mainly of Cx43, the most abundant connexin subtype in the heart (see figure 13). The abundance and distribution of Cx43 in the heart suggests that its role
may be to provide low resistance pathways for the spread of electrical activation
during coordination of the contraction of myocardial tissue.
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Figure 1-3. Distribution of Connexins 40, 43, and 45 within the
Mammalian Heart. Cx40 and Cx45 can be found in atria and
specialized cardiac conduction tissues, while GJs in the working
ventricular myocardium are composed primarily of Cx43, the most
abundant connexin in the heart. Reproduced from Marieb et aI., 1995.

At birth, GJs and cell adhesion junctions can be found distributed relatively
diffusely throughout the membranes of cardiomyocytes.

During postnatal

development, these junctions undergo an extensive remodeling process that
results in a redistribution of GJs primarily to the ends of myocytes at a
specialized region of electromechanical interaction known as the intercalated
disk (Gourdie et aI., 1992; Fromaget et aI., 1992). In the postnatal rodent heart,
cad herin-based cell adhesion junction formation precedes GJ localization at the
disk region (Angst et aI., 1997). Although the order of localization of junctions in
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the myocardium has been established, the molecular mechanisms involved
remain undetermined.

Possibly due to a higher turnover rate or some active

process yet to be elucidated, GJs and adherens junctions (AJ) become sparse in
the lateral domains of myocyte sarcolemma, while insulated boundaries
composed of collagenous septa become prominent in these areas (Spach et al.,
1986). The result is resistance to conduction in the transverse direction and that
electrical activity becomes discontinuous and asynchrous.

At a microscopic

level, the anisotropic properties of the ventricular tissue changes from uniform to
non-uniform as a result of this redistribution of GJs and mechanical structures
(Spach et aI., 1986).
Correlated with this change in geometry of cell-cell contacts is a change in
the velocity and anisotropy of activation spread through the myocardium
(Litchenberg et aI., 2000) (see figure 1-4). The re-organization of GJ contacts
from the lateral cell borders to the intercalated disk at the ends of cardiomyocytes
is essential for the normal anisotropic pattern of activation of mature cardiac
muscle (Severs et aI., 1999).

In the adult myocardium, components of

electromechanical function, in the form of cell adhesion junctions (fascia
adherens and desmosomes) and GJs, are efficiently integrated at the
intercalated disk. However, the plasticity of coupling found during the postnatal
remodeling of GJs may be adaptive in that it permits myocardium to respond to
alterations in hemodynamics (Severs et aI., 1996).

Evidence suggests that

endocytosed GJ vesicles known as annular GJs, while rare in adult myocardium,
are present in neonatal myocardium and may be involved in remodeling cell-cell
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coupling in the developing heart (Legato et aI., 1979; Chen et aI., 1989). These
structures have been characterized in enzymatically dispersed cardiomyocytes.
In these isolated myocytes (Severs et aI., 1989), intact GJs are torn from the
membrane of adjacent cells as extended bi-membranous structures that may be
stable in the cytoplasm for up to 24 hours (see figure 1-5).

Isochrona'l

Connexin 43 Distribution

aD

Neonate

a
'W eanlIng

Ad it

e
Figure 1-4. The Distribution of GJs is Correlated with Activation
Spread in Cardiac Terminal Crest. Activation mapping of rabbit
terminal crest in neonate, weanling, and adult show that polarization of
GJs to the ends of cardiomyocytes (as demonstrated by terminal crest
immunolabeled with Cx43) is associated with increases in velocity and
anisotropic conduction, as shown by the corresponding isochronal
maps (a, C, and e) derived from multi-site optical recordings of action
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potential. Stimulus electrode is indicated by an asterisk (*). During
postnatal development, Cx43-containing GJs (arrowed in b, d, and f)
become localized primarily to the intercalated disks. Isochrones 1ms.
Scale bar 5 ~m. Reproduced from Litchenberg et aI., 2000.

=

=

In longitudinally arranged myocytes, GJs at the intercalated disk appear
as punctate linear profiles that run perpendicular to the long axis of myocytes.
Laser scanning confocal microscopy has shown that when these disks are
viewed from on-end, as extended two-dimensional structures, a characteristic
pattern of distribution emerges. Larger GJs can be found primarily in a ring at
the edges of the intercalated disk with smaller, punctate GJs contained within this
ring (Gourdie et aI., 1991). This perspective, which is known as the "en face"
disk, serves to clarify spatial and structural relationships at this area between
myocytes.

Figure 1-5. The Formation of
Annular GJs. One mechanism
for the removal of GJs is through
endocytosis. Following isolation
of adult myocytes, GJs are torn
from the membrane of adjacent
cells as extended bi-membranous
structures to form surface located
GJ vesicles (SGJ) and annular
GJs (AGJ), which may persist in
the cytoplasm for up to 24 hours
following isolation. Reproduced
from Severs et aI., 1989.
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At present, little is know about the mechanisms determining GJ
distribution, but two competing hypotheses have emerged.

In the first, it has

been suggested that GJs at the disk may be turned over at a slower rate than
those GJ at the lateral borders of myocyte sarcolemma. This difference may be
the result of membrane stability conferred by cell adhesion junctions found in
proximity to GJs at the disk (Angst et aI., 1997). The second hypothesis proposes
that GJs are accumulated and maintained at specific areas of the myocyte by
adapter molecules that serve to link these junctions to the cytoskeleton. One
such adapter molecule is thought to be zonula occludens-1

(Z01), a

multifunctional adapter protein which is also a component of both tight junctions
(TJs) and AJs (Toyofuku et aI., 1998; 2001).

Figure 1-6. Connexin43 Distribution in Pathology Recapitulates
Patterns Observed in Neonatal Myocardium. Immunohistochemical
detection of connexin43 distribution in neonatal myocardium, infarcted
adult myocardium, and normal adult myocardium indicate that a
change in the geometry of cell-cell coupling occurs in the healed infarct
border zone. While connexin43 distribution appears normal just a few
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cell layers from the infarct, the GJs adjacent to the area of fibrosis
have a pattern resembling that found in the neonatal myocardium. This
deranged pattern of GJ distribution is thought to have arrythmogenic
potential (Peters et aI., 1997).

Perturbations in GJ function or distribution are associated with various
forms of myocardial disease, and are thought to be a predisposing factor in the
genesis of arrhythmias and other conduction abnormalities (Severs 2001, 1999).
A redistribution of GJ contacts occurs following myocardial ischemia and in the
border zone of infarcted myocardial tissue, altering the geometry of cell-cell
coupling (Smith et aI., 1991; Peters et aI., 1997; Matsushita et aI., 1999). The
distribution of GJs reported in these areas resemble patterns found in the
neonatal myocardium (Gourdie et aI., 1992). These GJ derangements caused by
infarct and ischemia are associated with altered conduction and ultimately
ventricular arrhythmia (Severs et aI., 1999). A skewed length to width ratio as a
result of the stretching of myocardium in hypertrophied states (Sepp et aI., 1997)
or Chagas' disease (de Carvalho et aI., 1992) can alter cell communication by
disturbing the balance of GJ communication (Saffitz et aI., 1995).

Another

example of altered coupling geometry is found in hypertrophied myocardium,
where GJs and cell adhesion junctions fail to exhibit their normal pattern of codistribution at the intercalated disk (Sepp et aI., 1997).
The slowing of transverse conduction in fibrosis, or as an age-related
change, appears to contribute to the pro-arrhythmic state (Spach et aI., 1986). In
addition, a strong association between decreased levels of the major cardiac
connexin, Cx43, and disturbances in conduction, presumably from decreased
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conduction velocity, has been found.

Decreased connexin content has been

reported in hypertrophied and ischemic myocardial tissue (Peters et aI., 1993),
infarct border zones (Peters et al., 1997), congestive heart disease (Dupont et
aI., 2001), and Chagas' disease (de Carvalho et aI., 1992).
The emergence of myocardial connexin distributions that recapitulate
patterns seen in the immature cardiac muscle may also be key to the genesis of
conduction abnormalities in disease states (Gourdie et aI., 2000).

The

anisotropic properties of adult tissue are partly explained by the polarization of
GJs to the intercalated disk (Spach et aI., 1997, 2000; Litchenberg et aI., 2000).
When this precisely ordered geometry of coupling is disturbed, the result may be
a slowing of action potential propagation through the tissue (Severs et aI., 1999).
An understanding of the underlying mechanisms by which myocardial GJs
become distributed in development and then disrupted in disease may eventually
yield important clues in the development of treatment modalities aimed at
preventing arrhythmias and other conduction abnormalities that are associated
with cardiac disease states such as ischemia and hypertrophy.

Regulation of GJs by Phosphorylation of Connexins
Most connexins are phosphoproteins, and processes such as GJ gating,
trafficking, turnover, distribution, and assembly are likely to be regulated by
phosphorylation of connexin subunits by a variety of protein kinases (Lampe and
Lau, 2000; Lau et aI., 1996; Laird, 1996). In the case of Cx43, the connexin
hexamers found in functional GJs contain at least two major connexin phospho-
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isoforms (Musil et aI., 1991).

Correlations have been made between the

phosphorylation status of Cx43 and its insolubility in Triton X-100 (Musil et aI.,
1991), indicating that changes in cytoskeletal involvement may accompany
phosphorylation events. During channel assembly, connexins formed into
functional GJs at the membrane are more phosphorylated and are less soluble
in detergent solutions than those found at cytoplasmic sites (Atkinson et aI.,
1995; Musil et aI., 1991). Regulation of assembly and turnover may also occur
through phosphorylation.
and

tyrosine

kinase

Increases in phosphorylation by PKA, PKC, MAPK,

isoforms

communication (Lau et aI., 1996).

can

inhibit

or

enhance

GJ

intercellular

In addition, redistribution of Cx43 from the

cell membrane to cytoplasmic sites has been correlated with the phosphorylation
of Cx43 in some cell types (Guan et aI., 1995; Barker et aI., 2002; Lampe et aI.,
1998).
Among the most potent regulators of GJ activity are a variety of protein
kinases that have been shown to directly interact with the Cx43 molecule (Lampe
et aI., 2000). These kinases are likely to be responsible, in part or in whole, for
the basal level of phosphorylation that allows for normal GJ function and activity.
This group of proteins is known to include c-src, PKC-a, PKC-E and PKC-y, and
there are likely to be many others whose function in GJ regulation remain to be
discovered. This field is made more complicated by the observation that there
has been a consistent lack of correlation between the phosphorylation status of
the Cx43 protein and changes in GJ intercellular communication (GJIC) or
specific Signal transduction pathways between different cell types. It is likely that
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a great deal of variability exists between the different cell types in the connexins
expressed, the kinases targeting connexins, and the downstream effectors of
these kinases. The cross-talk between signaling pathways that is known to occur
also makes exploring kinase function in GJ biology a challenging area of study
(Bowling et aI., 2001; Zhou et aI., 1999).
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Figure 1-7. Phosphorylation Sites
Present within the Cx43 Protein.
The majority of connexins are
phospho-proteins that may differ in
permeability and function between
phospho-isoforms. Connexins may be
directly phosphorylated by a variety of
kinases that include src, PKC-E, and
PKC-y. In addition, other kinases may
act
to
indirectly
phosphorylate
connexins, such as PKC-a a~d MAP
kinase. A great deal of variability exists
between the different cell types in the
connexins expressed , the kinases that
are involved, and the downstream
effectors of these kinases. The action
of kinases are likely to be responsible,
in part or in whole, for the basal level of
phosphorylation that allows for normal
GJ function and activity. Reproduced
from Unger et al. (1999).
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Connexin Interacting Proteins
The list of connexin-interacting proteins continues to grow along with the
complexity of potential roles for these factors in GJ function and regulation. A
recent study using a pulldown assay with the carboxyl terminal tail of Cx43 as
bait indicated that at least a dozen proteins may bind to this region of the
molecule (Giepmans et aI., 2001).

A similarly large group of Cx43 binding

partners was also indicated from yeast two hybrid studies (Giepmans et at,
1998; Jin et aI., 2000). Together, these data indicate that a complex of proteins
and a variety of regulatory interactions may exist at the cytoplasmic surface of
the Cx43-containing GJ plaque. This level of regulatory control by connexin
interacting proteins may permit subtle differences in function and distribution that
may allow for fine-tuning of GJIC. Although some connexin-binding partners are
known, many others have yet to be identified and characterized. This task will
be important for the next generation of researchers, as it is increasingly
becoming clear that GJ-binding proteins are critical for many essential functions
of tissues and cells.
As GJ channels are comprised of connexin-connexin interactions, one
possible mechanism for regulating GJ properties is through the assembly of
channels with variable connexin composition (Falk et aI., 1997; Yeager et aI.,
1998). Heteromeric channels possess characteristics differing from homomeric
channels, such as changes in channel gating that accompany alterations in
intracellular pH (Francis et aI., 1999). Although connexin-connexin interactions
are important in increasing the functional variation found within GJs (Stergiopolis
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et aI., 1999), this portion of the chapter will focus on the direct interactions
between connexins and other non-connexin proteins (summarized on table 1-2),
with a special emphasis on Cx43 binding partners.

Table 1-2. Connexin interacting proteins. Summarized below are
proteins known to directly interact with connexins, the connexin
subtype with which they have been shown to interact, a proposed
function for the interaction, and an appropriate reference. Adapted
from Barker et aI., 2002.

Connexin
Subtype(s)
Cx32

Interacting
Protein
calmodulin

Cx43

PKC-a

Cx43

PKC-B

Cx46

PKC-y

Proposed Function

Reference

responses to calcium, pH
Changes
decreased GJIC; phosphorylation
mediated by other kinases
decreased GJIC; direct
phosphory lation on serine
decreased GJI C; direct
phosphorylation
decreased GJI C; direct
phosQhorylation on Y247, Y265
stabilizing tight junction contacts
stabilizing microtubular network
targeting, stabilization, aggregation,
internalization, trafficking

Peracchia et aI., 2000
Welsh et aI., 1982
Bowling et aI., 2001
Doble et aI., 2000
Bowling et aI., 2001
Saleh et aI., 2001

Kanemitsu et aI., 1997
Toyofuku et aI., 2001
Kojima et ai., 1999
occludin
Cx32
Giepmans et ai., 2001
Cx43
J3-tubulin
Toyofuku et aI., 1998
Cx43, Cx45, Z01
Nielsen et aI., 2001
Cx46,Cx50
Laing et aI., 2001
Barker et aI., 2002
Ai et ai., 2000
modulation of gene expression
Cx43
~_-catenin *
Xu et aI., 2001
IP120 catenin# regulation of cell motility
Cx43
*J3-catenin has been shown through immunoprecipitation to interact, directly
or indirectly, with Cx43.
#p120 catenin has been shown to co-localize with Cx43 in neural crest cells.
Cx43

v-src, c-src
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CALMODULIN
One of the first proteins reported to interact with the connexin family of
proteins was calmodulin (Welsh et aI., 1982), a nearly ubiquitous calciumbinding protein known to regulate the function of a variety of different channel
types (Saimi et aI., 1994). Two putative calmodulin-binding domains were found
to exist in the Cx32 amino acid sequence (Torok et aI., 1997), and the binding of
calmodulin to GJs was shown to be involved in mediating GJ responses to
changes in calcium concentration (Torok et aI., 1997; Toyama et aI., 1994).
Calmodulin was subsequently shown to be directly involved in the gating of
Cx32-containing GJ channels by binding to the connexon subunit, possibly via
physical blockade of the intercellular channel (Peracchia et aI., 2000).

The

effects of lowered cytosolic pH in reducing cell-cell coupling through GJs may be
mediated through calmodulin activity (Peracchia et aI., 1996), and may involve
connexin phosphorylation (Arellano et aI., 1990).

In addition to the effects of

calmodulin on channel gating, there is also a potential role for this protein in the
assembly and targeting of connexons.

A synthetic calmodulin-binding protein

reversibly inhibited the assembly of Cx32 into connexons (Ahmad et aI., 2001).
When a Cx32 protein with a deletion of the putative calmodulin binding site was
transiently expressed in COS-7 cells, connexon formation was adversely
affected and functional GJs were unable to form (Ahmad et aI., 2001).
A detailed picture of GJ regulation through the extensive use of connexin
binding proteins has emerged. Calmodulin is but one component in the dynamic
interplay between various signaling pathways and structural proteins that have
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subsequently been

characterized

which

may function to coordinate GJ

distribution and activity in cells and tissues (Perrachia et aI., 1997, 2000; Saez et
aI., 1990).

CONNEXIN KINASE·INTERACTIONS
The PKC Family of Protein Kinases
Members of the PKC family of kinases have been show to interact with,
and phosphorylate, Cx43 in a variety of tissues and cell lines. In general, PKC
phosphorylation has been shown to decrease GJIC (Lampe et al., 2000), while

PKA activity has been associated with an increased cell-cell coupling, although
many exceptions to this rule have been observed. PKA activity and increases in
cAMP are reported to increase GJ permeability (van Rijen et aI., 2000; Sakai et
aI., 1992), enhance GJ assembly (Albright et aI., 2001; Paulson et aI., 2000) and
decrease GJ removal from the membrane (Saez et aI., 1989).

The contrasting

activity of these two kinase systems along with MAP kinase are in part
responsible for moderating the function of GJs in most cells.
12-0-tetradecanoylphorbol-13-acetate (TPA) has been used to probe the
activity of PKC in cells and has been shown to be a potent inhibitor of GJIC
(Ruch et aI., 2001; Lampe et aI., 2000; Kwak et aI., 1996), although much
variability has been reported.

In fibroblasts, total PKC activity could not be

correlated with phosphorylation of Cx43 or changes in GJIC (Cruciani et aI.,
2001), which suggests that the activity of specific PKC isoforms might be more
important than overall PKC activation.

Thus, many groups have focused on
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determining how the activity of specific PKC isoforms may affect GJ function.
For example, in lens, PKC-y has been shown to phosphorylate and interact with
Cx46 (Saleh et aI., 2001). In heart, Cx43 co-immunoprecipitates with PKC-a and
-E, and this level of interaction is increased in failing ventricle (Doble et aI., 2000;
Bowling et aI., 2001), a condition which induces changes in the function and
distribution of myocardial GJs (Severs et aI., 1999; Matsushita et aI., 1997;
Huang et aI., 1999).

Both kinases may increase the phosphorylation of

connexins and reduce GJIC, but PKC-E directly phosphorylates Cx43 (Bowling et
aI., 2001). PKC-a phosphorylation, though not direct, was suggested to occur by
the action of other kinases, such as mitogen-associated protein kinase (MAPK),
in downstream events (Bowling et aI., 2001). Overlap between the function of
PKCs and MAP kinases in regulating cell-cell coupling has been reported in other
systems (Rivedahl et aI., 2001).

In cultured neonatal myocytes, PKC-e was

directly involved in phosphorylating Cx43, which was necessary for the inhibitory
effects of FGF-2 on GJIC (Doble et aI., 2000).

ERK activation may occur

following the interaction of Cx43 with PKC isoforms (Ruch et aI., 2001).
kinase may also regulate GJIC.

JNK

JNK activation accompanies the down

regulation of GJ intercellular communication and Cx43 levels in murine
ventricular myocytes (Petrich et aI., 2002).

The interaction of connexins with

multiple PKCs hints at the presence of a larger regulatory complex that may be
the key to moderating the operation of GJ channels.
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Src and Cx43
Tyrosine phosphorylation of Cx43 has been associated with a decrease in
GJIC (Zhang YW 1999; Toyofuku et aI., 2000). Two members of the src family
of non-receptor tyrosine kinases, c-src and v-src, have been shown to interact
directly with and phosphorylate Cx43 in vitro and in vivo (Lau et aI., 1996;
Lampe et aI., 2000; Toyofuku et aI., 2001).

v-src directly phosphorylates Cx43

(Lin et aI., 2001), and the two proteins can be co-immunoprecipitated
(Kanemitsu et aI., 1997; Loo et aI., 1999), indicating that phosphorylation may be
related to binding of the two proteins.

Proline rich regions of Cx43 may be

involved in src association (Kanemitsu et aI., 1997).
Tyrosine phosphorylation by src appears to form the basis for Cx43
binding. The SH2 and SH3 domains of v-src are thought to contain the regions
which interact with Cx43, and this binding enables v-src to directly phosphorylate
Cx43 on residues Y265 and Y247 (Lin et aI., 1997). v-src was unable to disrupt
GJIC in mutants containing phenylalanine in place of the tyrosine residues, and
mutations in SH2 and SH3 domains of v-src inhibited binding with Cx43
(Kanemitsu et aI., 1997).
Src activity may also be related to the interaction between Cx43 and Z01,
a potential scaffolding protein which may be involved in connexin distribution
and function (Toyofuku et aI., 2001; Giepmans et aI., 2001). An in vitro binding
assay showed that tyrosine phosphorylation of Cx43 on residue 265 enhanced
binding to c-src and inhibited the interaction between Cx43 and Z01 (Toyofuku
et aI., 2001). Z01, and a mutant Cx43 lacking the tyrosine at 265, failed to be
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co-precipitated following c-src association (Giepmans et aI., 2001). In HEK293
cells, constitutively active c-src (Y527F) appeared to reduce levels of cell
surface-located Cx43. The interaction of these two proteins occurred between
c-src's SH2 domain and a region on Cx43 other than the known Z01 binding site
(Toyofuku et aI., 2001).

Constitutively activated c-src was a better binding

partner for Cx43 than the wild-type protein, and kinase activity of c-src could be
correlated with the level of Cx43 association (Giepmans et aI., 2001). The
functional consequences of decreased GJIC was observed in a hamster model
of congestive heart failure, where tyrosine phosphorylation of Cx43 by c-src was
correlated with decreased GJ conductance (Toyofuku et aI., 1999).
mechanisms

behind

how

tyrosine

phosphorylation

decreases

GJIC

The
in

physiological or pathological conditions remains to be determined.

MICROTUBULES
Giepmans et al. (2001) has shown that one of at least a dozen potential
proteins that can be pulled down by the carboxyl terminus of Cx43 is J3-tubulin, a
component of microtubules.

Co-sedimentation experiments confirmed these

results and indicated that the binding was direct. A potential tubulin-binding motif
was found within the amino acid sequence of Cx43 and this motif was lacking in
other connexin isoforms examined. Elegant fluorescence and immuno-electron
microscopy indicate that these proteins are co-localized in about half of the GJ
plaques examined, with microtubular structures terminating at the GJ.

No

functional consequence of microtubule disruption on GJIC was noted upon
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treatment of Rat-1

cells with nocodazole, a microtubular de-polymerizer.

However, it is possible that microtubules may be important in the trafficking of
connexons to specific regions of the cell. Formation of GJs in chick retina was
reported to be inhibited by colchicine (Meller et aI., 1981), a pharmacological
agent known to cause microtubular depolymerization.

In apparent contrast, rat

hepatocytes treated with colchicine formed GJs that were increased in size and
formed a greater proportion of total surface area of the cell, with annular GJs
more frequently observed in the cytoplasm (Rassat et aI., 1982). The authors of
these reports suggested that the localization of GJs may be dependent on an
intact and functional microtubular system. It has also been suggested that Cx43
may act as a capping protein by preventing depolymerization at the plus ends of
the microtubule (Giepmans et aI., 2001). It was proposed that Cx43-GJs have a
role in stabilizing the established microtubular network, although this remains to
be determined. Another interesting hypothesis is that Cx43 may work in concert
with cadherins to regulate cell motility using microtubular machinery (Xu et aI.,
2001).

A Cx43 protein lacking a small portion of this putative microtubular

binding motif was capable of inhibiting motility of 3T3 cells (Moorby et aI., 2000).
On the other hand, other studies indicate that microtubules may not be an
important component for either GJ removal or assembly (Feldman et aI., 1997).
More studies of Cx43 and tubulin interaction are necessary to determine the
nature of the association between microtubules and GJs.
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CATENINS AND OCCLUDIN

Evidence suggests that the localization and function of GJs may be linked
to components initially identified in two other junction types, the AJ and the TJ.
f3-catenin, a structural and signaling component of the adherens junction, and
Cx43 were co-localized both in cultured neonatal myocytes (Ai et aI., 2000) and
in neural crest cells (Xu et aI., 2001). J3-catenin and Cx43 can be induced to
interact in neonatal myocytes in culture by exposure to lithium, an agent that
mimics signaling by the Wnt family of secreted proteins (Ai et aI., 2000). This
interaction may be one mechanism for regulating Cx43 transcription, as

13-

eatenin bound to GJs at the membrane is unable to participate in the
transaetivation of the Cx43 promoter. In this manner, Wnt activity and J3-catenin
interaction may modulate both expression of Cx43 and accumulation of GJ
plaques at the membrane. Another member of the catenin family, p120 catenin,
from the armadillo family of proteins, has been shown to co-localize with Cx43 in
migrating neural crest cells (Xu et aI., 2001).

This binding represents a

mechanism by which Cx43 may act to modulate the motility of these cells.
Occludin is a transmembrane protein integral to the structure of the T J
structure (Tsukita et aI., 1997).

In immunoprecipitation studies, occludin was

shown to interact directly with Cx32 in transfected mouse hepatocytes (Kojima et
aI., 1999).

Occludin and Cx32 were partially co-localized both at the cell

membrane and within the cytoplasm, and co-localization within the cytoplasm
was maintained after treatment with brefeldin A (Kojima et aI., 1999), an agent
inhibiting Cx32 targeting to the membrane (Kojima et aI., 1996). These results
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are indicative of an important association between the components of connexincontaining GJs and other junction types. A potential link between the interaction
of these components may be mediated through the scaffolding protein, Z01. In
MDCK cells, Z01 was found to link occludin to the actin cytoskeleton (Fanning
et aI., 1998). Z01 is also associated with the structure of cadherin-based AJs by
virtue of its ability to bind a-catenin directly. Thus, Z01 may interact indirectly
with f3-catenin (Itoh et aI., 1997).

In addition, Z01 has also been shown to

interact with connexins 43 45, 46, and 50 (Toyofuku et aI., 1998; Giepmans et
aI., 1998; Laing et aI., 2001; Nielsen et aI., 2001). The expression of a deletion
mutant of occludin in a murine epithelial cell line altered GJ distribution and
induced an association between GJs and components of the T J (Bamforth et aI.,
1999). The interrelationships between proteins involved in the regulation of tight
and adherens junctions with GJs indicate a potential for the convergence of
signaling pathways utilized by these different junction types.

Z01
Originally discovered in association with the cytoplasmic plaque of the T J,
Z01 is one member of a family of proteins which function in protein targeting,
signal transduction, and determination of cell polarity (Anderson et aI., 1995).
These proteins are known as MAGUKs because members are characterized by a
region of homology to membrane associated guanylate kinase and by the
presence of three protein domains of about 90 amino acids termed POZ domains
(for PDZ95/DlgAlZ01 homology domain).
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This domain has been shown to

function in protein binding to specialized consensus regions on target proteins
(Itoh et aI., 1991; Goodenough et aI., 1999; Toyofuku et ai, 1998). The known
MAGUKs have been consistently found associated with the cell membrane at
sites of cell-cell contact, where they are thought to regulate junctional properties
and organize contacts for signal propagation. MAGUKs have been implicated in
facilitating lateral aggregation of membrane proteins into functional domains
(Sheng et ai, 1997). Other findings suggest that previously hypothesized
functions for MAGUK proteins (e.g. Z01, dig, PSD-95, PSD-93) in protein
targeting and aggregation may need re-evaluation or expansion to consider other
possible functions for these proteins (Migaud et aI., 1998; McGee et aI., 2000;
Barker et aI., 2002).

Figure 1-8. The Role of Z01 in
Cadherin
Mediated
Cell
Adhesion.
The carboxyl
terminus of the cadherin
molecule
interacts
with
B-catenin, which binds to acatenin. In turn, a-catenin is
known to bind the amino
terminal half of Z01, which
interacts with the cytoskeleton
through binding of both aspectrin and actin.
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Z01 is thought to function in the organization and maintenance of
intercellular junctions. In T Js, Z01 is known to interact with both occludin and
ZO-2 through its POZ domains (Goodenough et aI., 1999), and is linked to the
cytoskeleton via the direct and indirect interaction with F-actin (Fanning et aI.,
1998). Itoh et al. (1991) found that Z01 was associated with the undercoat of
cadherin based cell adhesion plaques in both epithelial and non-epithelial cell
types. Further studies showed that Z01 indirectly associates with cadherins via
direct interaction with a-catenin, and may stabilize AJs and link these junctions to
the cytoskeleton through an interaction with actin and a-spectrin (Itoh et aI.,
1997). Z01 may also be involved in regulating assembly and localization of AJs
(Collares-Buzato et aI., 1998).

Table 1-3. Selected binding partners of Z01. Z01, a 220kO protein
found in the undercoat of adherens junctions and tight junctions, has a
complex structure consisting of multiple binding domains. In addition,
numerous junctional and cytoskeletal proteins have been shown to
interact with Z01 suggesting a role in linking junctional proteins to the
cytoskeleton.
Protein
Actin

Junction Location of Binding
AJ, TJ,
proline rich tail
GJ
AJ,GJ
unknown
a-spectrin
AJ
amino terminal half
a-catenin
GJ
Connexin 43
second POZ domain
Occludin
ZO-2

TJ
TJ

MAGUK region
second POZ domain

Reference
Fanning, 1998
Van Itallie, 1995
Itoh, 1991
Itoh, 1997
Toyofuku, 1998
Giepmans, 1998
Goodenough, 1999
Itoh, 1999

ZO-3

TJ

second PDZ domain

Wittchen, 2000
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Co-localization of Cx43 and Z01 has been reported in a variety of cells and
tissues including uterine myocytes (Day et aI., 1998), testis (Batias et aI., 1999),
thyroid (Guerrier et aI., 1995) and neonatal myocardial cells (Toyofuku et aI.,
1998). Using a yeast two-hybrid assay with the cytosolic carboxyl region of Cx43,
the last five amino acids (DDLEI) of Cx43 was shown to bind the second PDZ
domain of Z01 (Giepmans et aI., 1998; see figure 1-9). In transfected COS7 cells,
rat fibroblasts, HEK 293 cells (Toyofuku et aI., 1998), and adult cardiomyocytes
(Barker et aI., 2002), Z01 was co-immunoprecipitated with Cx43.

In addition,

expression of the amino terminus region of Z01 containing the second PDZ
domain was reported to cause a redistribution of Cx43 to cytoplasmic structures
and a loss of electrical coupling in cultured neonatal myocytes (Toyofuku et aI.,
1998), suggesting an involvement of Z01 in targeting or turnover of Cx43.
Furthermore, it was reported that Z01, Cx43, and n-spectrin were co-localized at
the area of membrane between these cells (Toyofuku et aI., 1998). It is possible
that Z01 serves to link Cx43 to cytoskeletal structures and acts to target Cx43 to
the intercalated disk region in cardiac myocytes (Toyofuku et aI., 1998). Further
studies indicated that c-src may be capable of mediating the interaction between
Z01 and Cx43 through tyrosine phosphorylation (Toyofuku et aI., 2001) and by
directly binding the GJ subunit (see the previous section on kinases for more on
src and Cx43). A Cx43-Z01 interaction may not be necessary for connexons to
assemble into GJ plaques at the membrane, as mutant Cx43 proteins lacking the
Z01/PDZ binding region have been shown to form functional GJs (Dunham et aI.,
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1992). It remains to be seen whether normal Cx43 localization is dependent on a
stable interaction between Cx43 and Z01.

Connexin 43
N

ZO-1
PDZI PDZ2

PDZ3 SH3

MAGUK

a

Proline Rich Tail

N

Figure 1-9. Structural domains contained within Cx43 and Z01.
Connexin proteins are composed of four transmembrane domains, a
cytosolic amino and carboxyl terminus, one intracellular linker domain,
and two extracellular linker regions. The carboxy and intracellular
linker region are unique to each of the connexins, and are the primary
determinants of connexin size and interaction specificity. The last five
amino acid residues of Cx43, DDLEI, have been shown to bind directly
to the second PDZ domain of Z01. In addition, Z01 also contains an
SH3 domain, a region of homology to membrane associated guanylate
kinase (MAGUK), an acid rich region designated as (-), an alternative
splice site (a), and a proline rich tail.

Z01 may also play an important role in the localization of other connexin
subtypes. A recent study showed that Cx45 and Z01 interact in osteoblastic
cells and could be co-localized at the cell membrane using immunofluorescence
microscopy (Laing et aI., 2001).

High levels of Z01 expression has been

observed in lens, where Z01 was shown to interact with both Cx46 and Cx50
(Nielsen et aI., 2001).

Binding of Cx43 to Z01 was suggested to occur on

regions similar to the binding domain originally discovered within Cx43. Whether
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the functional consequences of Z01 binding are similar among the connexin
subtypes remains to be determined.

Tyrosine Phosphorylation of Z01 is Related to its Function and Distribution

Dynamic alterations in distribution and molecular associations may
accompany changes in the tyrosine phosphorylation state of Z01. Tyrosylphosphorylation has been shown to play an essential role in the formation of T Js
in the glomerular epithelium, where Z01 and other proteins are targets for
tyrosine kinases (Kurihara et aI., 1995).

In epithelial MDCK cells, Z01 is

phosphorylated following the formation of cell-cell contacts (Stuart et aI., 1995).
Because most studies of Z01 phosphorylation involve the use of general
phosphatase inhibitors (Collares-Buzato et aI., 1998; Volberg et aI., 1992) or
phosphorylation inhibitors (Nigam et aI., 1991; Staddon et aI., 1995), it has been
difficult to isolate the effects of tyrosine phosphorylation on the distribution and
molecular association of Z01.

The difficulty of such studies are also

compounded by the observation that Z01 may be involved in the formation of T J,
AJ, and GJ, and that often more than one junction type may be found in the
same cell (Sungrue et aI., 1997).
Tyrosine phosphorylation of Z01 has been linked to increased membrane
permeability and decreased transepithelial resistance (indicating decreased
function or quantity of T Js) (Staddon et aI., 1995). Among two strains of MDCK
cells differing in transepithelial resistance, Z01 phosphorylation is twice as high
in the low resistance strain than in the high resistance strain, although
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localization and amount of Z01 are the same (Stevenson et aI., 1989). The
existing evidence suggests that the phosphorylation state of Z01 may be a
component in the regulation of T J permeability.
Tyrosine phosphorylation has been shown to be an important mechanism
for modulating cell adhesion by AJs in dynamic cellular events such as cell
migration (Hamaguchi et aI., 1993), although specific phosphorylation states of
Z01 (as well as the specific role of this modification) during these processes
have not been
phosphatase

established.

inhibitors

lost

MDCK cells treated with tyrosine-specific
functional

AJs

and

gained

AJ-associated

phosphotyrosine, although Z01 distribution was unchanged (Volberg et aI.,
1992), suggesting that tyrosine phosphorylation may modulate Z01 protein
binding. In addition to regulating the functions of Z01, tyrosine phosphorylation
may act to target junctions to apical regions of cellular contact.

It has been

shown that in epithelial A431 cells, a redistribution of Z01 from diffuse
cytoplasmic localization to apical sites of cell-cell contact can be induced by
endothelial growth factor (EGF) treatment (Van Itallie et aI., 1995). Associated
with this redistribution is the phosphorylation of Z01, which was demonstrated
using phosphotyrosine immunoblotting. Collares-Buzato et al. (1998) found that
in MOCK cells, increased tyrosine phosphorylation induced a redistribution of
AJs, E-cadherin, and Z01, as well as increased membrane permeability. Similar
findings were shown in endothelial cells after treatment with vascular endothelial
growth factor (Antonetti et aI., 1999). Changes in the distribution of Z01 may aid
in localizing associated proteins to regions of cellular interaction. Phosphorylation
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of tyrosine residues on Z01 may represent an important means by which
intercellular junction function or localization may be regulated.

Experimental Hypothesis and Objectives

HYPOTHESIS
Z01 acts to coordinate remodeling of the size and distribution of GJs during
postnatal maturation of ventricular myocardium via its interaction with the
terminal sequence of Cx43.

OBJECTIVES
Z01 is a multifunctional adapter protein mediating linkage between other
POZ containing proteins and the actin cytoskeleton. As such, interaction between
Cx43 and Z01 represents an important target for investigation of the processes
governing GJ remodeling in health and disease.
The purpose of the following study was to examine the role of Z01, a
multifunctional

adapter protein,

in

determining

the temporal

and

spatial

distribution of Cx43-containing GJs in the ventricular myocardium. In chapter 2,
we show that Cx43-Z01 interactions are increased during dynamic remodeling of
GJ contacts following dissociation of ventricular myocytes.

In chapter 3, we

describe the use and limitations of a previously described dominant negative
inhibitor (Toyofuku et aI., 1998) in vitro and in vivo.

In chapter 4, the

development and characterization of a novel and specific competitive inhibitor of
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Cx43-Z01 interaction is described.

In the concluding chapter, we discuss the

implications of the results, as well as future directions suggested by the data. It
is hoped that the following study contributes meaningful interpretations of the
interaction between Cx43 and Z01 to the field of GJ remodeling, and that this
information may aid others in developing treatment modalities aimed at
preventing the perturbation of GJ distribution during cardiac disease.

37

CHAPTER II. Z01 IS ASSOCIATED WITH REMODELING OF GAP
JUNCTIONS IN ADULT RAT CARDIOMYOCYTES
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CHAPTER II. Z01 IS ASSOCIATED WITH REMODELING OF GAP
JUNCTIONS IN ADULT RAT CARDIOMYOCYTES

Introduction
GJs provide a pathway for cellular metabolic coupling and the homeostatic
exchange of molecules, as well as for the propagation of electrical activation in
excitable tissues such as the heart (Beyer et aI., 1987; Gros et aI., 1996; Severs
et aI., 2000). In the mammalian neonate, GJs and calcium-dependent adhesion
junctions (adherens junctions and desmosomes) are distributed relatively
uniformly across the sarcolemma of ventricular myocytes (Gourdie et aI., 1992;
Fromaget et aI., 1992; Angst et aI., 1997). During postnatal development, the
distribution of these junctions undergo a progressive remodeling, leading to the
development of a highly organized structure at myocyte termini known as the
intercalated disk. There is a lag in the rate at which GJs accrue at the disk
compared to that of adhesive mechanical junctions (Angst et aI., 1997). The
eventual preferential co-localization of GJs at intercalated disks is a significant
component of the normal maturation of electromechanical function and stability of
cardiac activation (Spach et aI., 2000; Gutstein et aI., 2001 b). The understanding
of the mechanisms regulating differentiation of the cell-cell contact at the
intercalated disk has pertinence to human cardiac disease (Spach et aI., 1997;
Severs et aI., 1999, 2000). Breakdown of disk-localization of GJs in ventricular
myocardium (Smith et aI., 1991; Sepp et aI., 1997; Wilders et aI., 2000) and as
recently reported by Chien and co-workers in conduction tissues (Nguyen-Tran et
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aI., 2001), to recapitulate distributions found at immature developmental stages
may be a key factor in the genesis of conduction disturbance and arrhythmia.
The mechanisms involved in cumulative targeting of Cx43-containing GJs
to the intercalated disk are uncharacterized. At present, two hypotheses have
been proposed to explain how GJs become preferentially localized to this region
of specialized sarcolemma. In the first, it has been independently suggested by
two groups that there may be different rates of turnover of GJs in different
domains of sarcolemma (Angst et aI., 1997; Saffitz et aI., 2000). In particular, it
has been suggested that GJs associated with concentrations of adhesion
junctions at the disk are preferentially maintained over GJs located in myocyte
lateral domains. In the second hypothesis, Cx43-containing GJs are actively
maintained at the intercalated disk via direct interactions with cytoskeletal-related
anchoring or adapter proteins and other disk components. This latter hypothesis
has received support from identification of Z01, a POZ-domain-containing protein
prominently localized at the intercalated disk (ltoh et aI., 1997; Toyofuku et at,
1998), as a candidate molecule mediating anchorage of Cx43 to the actin
cytoskeleton.

Evidence supporting protein-protein interactions between Cx43

and Z01 have come from landmark work involving co-immunoprecipitation
(Toyofuku et aI., 1998,2001) and the yeast two-hybrid system (Giepmans et ai.,
1998). Together this work has shown that the terminal five amino acids (OOLEI)
of Cx43 bind the second PDZ domain of Z01 and that this interaction may be
regulated by src-tyrosine phosphorylation of Cx43 (Toyofuku et aI., 2001).
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In the following
immunoelectron

study, we have used immunoconfocal microscopy,

microscopy,

and

co-immunoprecipitation

to

examine

the

relationship between Cx43 and Z01 in the ventricular myocardium of the adult rat
heart. Our data indicate that association between Z01 and Cx43 is surprisingly
limited to low to moderate levels in intact ventricular myocardium - a result that
was not expected given a putative role for Z01 in maintaining Cx43 GJs at the
intercalated disk.

Furthermore, we find that disruption of intercellular contacts

between myocytes, a treatment inducing GJ endocytosis, results in a dynamic
change in the pattern of association between Z01 and Cx43. Our data suggests
previously unanticipated roles for Z01 in the turnover of Cx43 during, or after, GJ
endocytosis.

Materials and Methods
Langendorf Perfusion for Isolation of Adult Rat Cardiocytes.

The

cardiomyocyte isolation procedure used was based upon the Langendorf
perfusion method developed by Isenberg and Klockner (1981). In this, and all
subsequent procedures, 90 day old Holtzman Sprague-Dawley (Harlan) rats
were used. Animals were anesthetized with ether, and hearts were surgically
removed and perfused retrogradely via the aorta with warm (37°C) Joklik's SMEM (Gibco, Grand Island, NY) on a Langendorf perfusion apparatus. After five
minutes, the perfusion solution was switched to Joklik's S-MEM with 30mM
taurine, 1mM adenosine, 26 mM NaHCo3, 2.5 mM glutamic acid, and 1 mg/mL of
collagenase (Worthington Biochemical, Freehold, NJ) for 10 minutes, then to KB
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solution (85 mM KCI, 30 mM K2HP04 , 5 mM MgS04 , 5 mM Na2ATP, 5 mM
pyruvate, 5 mM succinate, 5 mM f3-0H-butyrate, 5 mM creatine, adjusted to pH
7.2 with KOH) for 5 minutes.

The heart was then taken down, the ventricles

extensively minced and then incubated at 37°C in KB media on an orbital shaker
at 100rpm for variable periods of time.

This solution was removed and run

through a steel mesh to separate individual cells, which were then pelleted by
centrifugation at 1000rpm (10 minutes) on a Marathon 16K centrifuge (Fischer,
Pittsburgh, PA).

Immunohistochemistry. For preparation of intact tissue, hearts from adult rats
were surgically removed or taken down intact from the Langendorf perfusion
apparatus following exposure to collagenase and embedded in TBS tissue
freezing compound (Triangle Biomedical SCiences,

Durham, NC).

The

specimens were then immediately immersed in liquid nitrogen-cooled isopentane
until frozen solid. Fresh frozen sections (10flm) were prepared at -32°C and
placed on glass slides.

Sections were fixed with 4% paraformaldehyde in

phosphate buffered saline (PBS) for 10 minutes, washed 3x with PBS-A (PBS
with 0.2% sodium azide) with 0.10/0 Triton X-100 added, and blocked with 1%
bovine serum albumin (BSA) in PBS-A for 1 hour. Isolated adult rat ventricular
cardiocytes were fixed in suspension with 4% paraformaldehyde for 10 minutes,
then centrifuged for 10 minutes at 1000rpm and washed 3x in PBS-A, then
blocked with 1%

BSA in PBS-A with 0.1 010 triton X-100 added for 1 hour.
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Suspended cells were attached to glass slides for staining using Cel-Tak tissue
adhesive (Becton-Dickinson, Bedford, MA).
Slides were incubated overnight at 4°C in a combination of primary
antibodies directed against Z01 (Zymed Laboratories, San Francisco, CA), Cx43
(Chemicon International, Temecula, CA), and N-cadherin (Sigma Chemical
Company, St. Louis, MO). Appropriate secondary antibodies (Molecular Probes,
Eugene, OR) conjugated to fluorescein or Cy5 were used to label the specific
primary antibodies. Double labelings were carried out using FITC (stim max

474nml ex max 518nm) and CY-5 (stim max 650nml ex max 670nm) secondary
fluors, to minimize "bleed over" between detection channels. Siowfade Light antifade agent (Molecular Probes, Eugene, OR) was added and the sections were
coverslipped and sealed. Slides were examined using a BioRad MRC 1024 laser
scanning confocal microscope (LSCM).

Western Blot Analysis.

Samples of ventricular myocardium from adult rats

were placed in a cryovial and snap frozen in liquid nitrogen. The tissues were
then ground in a mortar and pestle which was kept cold in a liquid nitrogen bath.
After grinding, samples were solubilized in sodium dodecyl sulfate (SDS)
reducing buffer (60 mM Tris-HCI pH 6.8, 10% SDS, 20% glycerol) and sonicated
at high power for 30 seconds.

Samples were placed into 8DS-polyacrylamide

gel electrophoresis (PAGE) using a Biorad Mini-Protean II Electrophoresis Cell.
After PAGE, gels were transferred to PVDF membranes (Biorad Laboratories,
Richmond, CA) for one hour.

Membranes were washed and blocked for one
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hour in TBS-T (100 mM Tris HCI pH 7.5, 770 mM NaCl) and 50/0 non-fat milk.
Primary antibodies were added against Cx43 (Sigma rabbit polyclonal anti-Cx43)
or Z01 (Zymed rabbit anti-Z01) for 1 hour.

After washing 3 times in TBS-T,

secondary reagents linked to fluorescein (Molecular Probes) were added for one
hour, then membranes were again washed 3 times in TBS-T.

Final detection

was accomplished using an alkaline phosphatase conjugated anti-fluorescein
antibody (Tropix Inc., Bedford, MA) and ECl's CDP-Star system (Tropix Inc.).
Results were recorded on chemiluminescent film (Amersham, Beckinghamshire,
England).

The

NIH

Image

computer

program

(available

from

http://rsb.info.nih.gov/nih-image/) was used for densitometric analyses of gels
scanned on the Chemlmager gel imager (Alpha Innotech Corp, San leandro,
CA).

Immunoprecipitation-Immunoblot Assay.

Samples of adult rat ventricular

tissue (approximately 1mm x 1mm size) and adult rat ventricular cardiocytes
isolated for 30 minutes were placed in ice-cold lysis buffer (1 0/0 Triton X-100,
0.5% NP-40, 20mM HEPES pH 7.4, 50mM sodium chloride, 1mM EGTA, 5mM (3glycerophosphate, 30mM sodium pyrophosphate, with Sigma protease inhibitor
cocktail, and Sigma phosphatase inhibitor cocktail) and homogenized by hand
using a Elvjhem tissue grinder. Samples were incubated on ice for 30 minutes
with vortexing and grinding every 5 minutes, then centrifuged at 8000rpm on a
Marathon 16K centrifuge for 10 minutes. The supernatant was transferred to a
fresh eppendorf tube. To preclear the solution of endogenous antibody, 40 J.11 of
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protein A-agarose (Biorad) was added for 1 hour and the tubes were incubated at
4°C on a Nutator (Fischer). Tubes were spun for 30 sec at full speed to pellet
protein A-agarose; the supernatant was then transferred to a new tube. 5mg of
anti-Cx43 primary antibody was added and the samples were incubated
overnight at 4°C on a Nutator. 50mg of protein A-agarose was then added for 1
hour. The protein A-agarose-antibody was spun down 5x with washes in ice-cold
lysis buffer after each spin. After the final spin, the supernatant was removed
and 200J.l1 of PSB was added. The solution was vortexed for 30 seconds and
boiled at 95°C for 5 minutes. Immunoblot assays were then performed to detect
Cx43 and Z01. Immunoprecipitations were performed using two anti-Cx43
antibodies against independent Cx43 epitopes (Sigma rabbit polyclonal antiCx43,

Zymed

polyclonal

rabbit

anti-Cx43).

To

confirm

reproducibility,

immunoprecipitations were repeated at least 3 times. To test specificity of the
reaction, further control immunoprecipitations were carried out in the presence of
a peptide inhibitor commercially available for one of the anti-Cx43 antibodies
(Zymed polyclonal rabbit anti-Cx43 peptide).

Immuno-Electron Microscopy.

Ventricular myocardial tissue was dissected

from adult rats and minced into chunks of less than 1mm. Cells were isolated
using protocols previously described above. Tissues or isolated cells were then
fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in Sorenson's phosphate
buffer, pH 7.4.

Samples were prepared as previously described (Price et aI.,
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1992). Samples were then labeled using a rabbit polyclonal antibody directed
against Z01 (Zymed) and viewed on a JEOL 200CX EM at 160 and 200kV.

Quantitation of Confocal Images.

15-30 random optical sections double

immunolabeled for Cx43 and Z01 (indirectly tagged with fluorescein (Z01) and
CY-5 (Cx43 » from adult rat myocardium (from 3 rats) and freshly isolated adult
rat ventricular cardiomyocytes (from 3 independent isolations) were taken on a
BioRad MRC 1024 laser scanning confocal microscope using a 40 x 1.4 NA
Zeiss objective. These labelings were carried out using FITC (stim max 474nml
ex max 518nm) and CY-5 (stirn max 650nml ex max 670nm) secondary fluors, to
ensure that "bleed over" did not occur between confocal detection channels.
Constant gain, black level and confocal iris settings were used for capture of
each image. For particle analyses, information from fluorescein (Z01) and Cy-5
(Cx43) channels was thresholded to precisely match immunolabeling patterns as
previously described (Gourdie et aI., 1991; Litchenberg et aI., 2000). NIH image
was then used to count the number of Cx43 and Z01 in each channel (particles
of 2 pixels in size or less were not counted). Next, thresholded particles in each
channel were gray-level-encoded and superimposed.

The frequency of Z01

particles overlapping Cx43 particles was then counted for each image. A pixelby-pixel

co-localization

analysis,

using

proprietary

BioRad

LaserSharp

Processing confocal software, was also used to assess levels of Z01 colocalization with Cx43. Data from confocal images and scanned gels was
checked for normality and homogeneity of variance using Minitab. No
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transformations were required. One way ANOVA was carried out on the data
using Minitab. F statistics with p values above 0.05 were rejected as not
significant. Data shown together with p values from ANOVAs include the mean
and standard error of the mean.
The co-localization scatterplots shown in figure 2-2 and figure 2-6 are
generated by proprietary Biorad Confocal LaserSharp Processing software
bundled with the Biorad 1024 LSCM. The scatterplots display intensity and
distribution of different colored pixels within the merged image.

While not

quantitative (because frequency of overlapping pixels cannot be determined from
the plot), a glance at the number of overlapping pixels provides a quick way to
determine the extent of co-localization between two different channels. Each of
our confocal images consists of two color channels, red and green, in which the
intensity of each pixel in each channel was represented by a value of 0-255. The
intensity of each co-localized pixel from each channel is plotted with the value of
the pixel that it spatially overlaps in the opposing channel. Since the overlap of
pixels of very low intensity could probably be accounting for by the background
signal, we chose to exclude these pixels from our analysis.

These pixels fall

outside of the shaded region of the scatterplot. Pixels with a high value (which
we have arbitrarily chosen as having a value of at least half of maximal intensity)
are likely to represent specific signal, and pixels in this range in both channels fall
into the upper right hand quadrant.
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Results.
Cx43 and Z01 show limited co-immunolocalization within intercalated
disks.
Consistent with previous findings, our immunoconfocal surveys of rat
ventricle (figure 2-1) confirmed that Z01 was localized in endothelial tissues,
interstitial cells and at zones of cell-to-cell contact between myocytes, including
intercalated disks (Itoh et al.,1991, 1997; Toyofuku et aI., 1998). To examine
association between Z01 and Cx43 or N-cadherin at intercalated disks in detail,
we next performed double immunolabelings followed by optical sectioning at high
resolution on the confocal microscope.
Initially, analyses were confined to sections of ventricular myocytes
arrayed longitudinally (figure 2-2). In such perspectives, disks are typically
resolved as linear profiles. These studies confirmed that Cx43, N-cadherin and
Z01 were all localized within intercalated disks. However, detailed inspection and
analysis of immunofluorescence co-localization indicated that the proportional
degree of point-by-point overlap between Cx43 and Z01 immunolabeling was not
high as that of N-cadherin and Z01 (compare figure 2-2a and 2-2b with 2-2d and
2-2e).
The difference in relative levels of co-localization was more apparent if
disks were optically sectioned and reconstructed en-face (figure 2-3 and 2-4). In
such views, components of the disk may be observed as part of an extended
two-dimensional surface (Gourdie et aI., 1992). Although points of overlap
occurred between immunolabeled Z01 and Cx43, for the most part, the two
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immunolocalized proteins appeared to have relatively independent patterns of
distribution (figure 2-2a-c). A view of the signal channel images for Cx43 (figure
2-3d-f) and Z01 (figure 2-3g-i) in the same single optical sections confirms that
the signal overlap between these two proteins is low to moderate. In contrast,
Z01 and N-cadherin co-localized at relatively much higher spatial densities in
these en-face disk perspectives (figure 2-4a-c).

A much higher degree of

correspondence between the distribution of these proteins is apparent in the
single optical sections labeled for N-cadherin (figure 2-4d-f) and Z01 (figure 24g-i).
As the results outlined above appeared to differ from previous reports, we
examined the association between GJs and Z01 in intact adult ventricular
myocardium using immunogold electron microscopy (EM).

Ultrastructurally

defined GJs and cell adhesion junctions were readily identified in ultrathin
sections of adult ventricle labeled with antibodies against Z01. The undulating
profiles of adherens junctions were always extensively labeled with gold particles
(figure 2-5a), including those directly adjacent GJs (figure 2-5b). Similarly, zones
of abutment between vascular endothelial cells also showed

prominent

accumulations of gold particles at presumed tight junctions. By contrast, though
wholly consistent with the immunoconfocal analyses, all 22 ultrastructurally
defined GJs observed in this survey showed no specific immunogold labeling
(figure 2-5b).

49

Figure 2-1. Z01 Distribution in Myocardium. Consistent with
previous reports (Itoh et at., 1991; Toyofuku et aI., 1998), Z01 can be
localized to the cardiac intercalated disk (large arrowheads) and to
blood vessels where tight junctions may be found (small arrowheads).
In addition, Z01 may be found adjacent to the lateral borders of
cardiomyocytes in non-myocyte cells that may be endothelial in origin
(Itoh et aI., 1997). Scale Bar=100Jlm.
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Figure 2-2. The Distribution of Cx43 and N-eadherin Relative to Z01. a, b, Confocal images of
Cx43 (red-CY-5 secondary fluor) and Z01 (green-FITC); and d, e, N-cadherin (red-CY-5) and Z01
(green-FITC) double immunolabelings in intact, fresh-frozen ventricular myocardium. The high
magnification details shown in band e correspond to the boxed regions in a and d. e,f are scatter
plots of pixel fluorescent intensities within band e. The boxed regions in e and f correspond to signal
threshold ranges. The frequency of pixels within these regions is an indicator of degree of colocalization. Scale bar = 25 Jlm.
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Figure 2-3. Confocal Micrographs of En Face Perspecitves of Cx43 and Z01 Distribution In Double
Labeled Intercalated Disks. a-c, 3-D reconstructions of ventricular intercalated disks in en-face orientation
immunolabeled for Cx43 in red and Z01 in green (a), with single channel perspectives of Cx43 and Z01 in b
and c, respectively. Cx43 and Z01 co-localizations are indicated by asterisks. d-f and g-i show single optical
sections of Cx43 and Z01 labelings, respectively, through the disk. Arrows point to Cx43 immunopositive
structures that show low levels of co-localization with Z01. Scale bar=5J.lm.
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Figure 2-4. Confocal Micrographs of En Face Perspecitves of N-cadherin and Z01 Distribution In Double
Labeled Intercalated Discs. a-c, 3-D reconstructions of intercalated discs immunolabeled for N-cadherin in red and
Z01 in green (a), with single channel perspectives shown of N-cadherin and Z01 in band c, respectively. Areas in
which both N-cadherin and Z01 signal are correspondingly low are indicated by the asterisks. d-f and g-i show
single optical sections of N-cadherin and Z01 labelings, respectively, through the disc. Arrows indicate areas of
significant co-localization. Scale bar=5J..1m.

Figure 2-5. Z01 Immunogold Electron Microscopy of GJs in Adult Rat
Heart. a,b. Immunogold . electron microscopy showing ultrastructurally
defined cell adhesion junctions (white arrows in a and b) and GJs (black
arrow in b) in ventricular myocardium. Scale bar=500 nm.

Co-localization of Cx43 and Z01 increases after dissociation of ventricular
myocytes.
Based on our immunoconfocal and immuno-em data we concluded that
there was evidence for limited co-localization between Z01 and Cx43 at
intercalated disks in vivo. Nonetheless, the data for interaction between Z01
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and Cx43 from the earlier co-immunoprecipitation and yeast hybrid studies were
compelling (Toyofuku et aI., 1998,2001; Giepmans et aI., 1998). We speculated
that if significant interaction occurred, it may be transient, and thus not easily
resolved in intact myocardium. One well-characterized dynamic change in GJ
distribution occurs following disruption of intercellular contacts. During isolation
of adult cardiomyocytes, the entire population of GJs is internalized, undergoing
redistribution from the sarcolemma to cytoplasmic vesicles known as annular
GJs and cell surface located GJ vesicles (Severs et aI., 1989). We therefore
undertook immuno-confocal analyses of freshly isolated ventricular myocytes. In
such cells, striking increases in levels of co-localization between immunolabeled
Cx43 and Z01 were found (figure 2-6), relative to those observed at GJs in
intact myocardium (figure 2-2).

It should be noted that while association

increased, a proportion of Z01 immunolabeled particles was not associated with
Cx43 and vice versa.
The rapidity of this change is illustrated in figure 2-7a-c. In the preparation
of this specimen, fixation was carried out 5 minutes after initiation of collagenase
dissociation. Myocytes are seen to remain in contact, but have undergone partial
separation at intercalated disks. Z01 and Cx43 are highly co-localized at these
destabilized

disks.

Interestingly,

Z01

antibodies

are

also

seen

to

be

immunolocalized at myocyte nuclei in 2-7b. Similar nuclear localization of Z01
has been reported following disruption of cell-cell contacts in vitro (Gottardi et aI.,
1996).
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Figure 2-6. Co-localization of Cx43 and Z01 in Isolated Adult
Cardiomyocytes.
a-d, An isolated ventricular myocyte double
immunolabeled for Z01 (FITC-green) and Cx43 (CY-5-red). a and b
show the single channel information for Z01 and Cx43 immunolabeling
respectively. c shows a color merge of a and b. d is a scatter plot of
pixel fluorescent intensities within the rectangular sub-region shown in
c. The boxed regions in d corresponds to signal threshold ranges and
indicates degree of co-localization between the two fluors. Scale bar =
50 J.lm.

An increase in association after cell isolation was not observed between
Z01 and N-cadherin (figure 2-7d-f). Indeed, in freshly isolated ventricular
myocytes,

Z01

and

N-cadherin

co-localization

appeared

to

decrease.

Furthermore, while N-cadherin was maintained exclusively at the remnants of
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disks, clear dispersion of particulate Z01 to the cytoplasm was observed in
freshly isolated cells (arrows inset figure 2-7f). Presumably, a fraction of such
Z01 particles were associated with internalized GJs such as those seen in figure
2-6.

Figure 2-7. Cx43 and Z01 Co-localize During Dissociation of
Cardiomyocytes. a-c, Immunolabeling for Cx43 (CY-5) and Z01
(FITC) in a partially collagenase-digested ventricular myocardial
preparation. a and b are the single channel information for Cx43 and
Z01 immunolabelings, respectively. c is the color merge of these 2
channels (101-green, Cx43-red). Arrows indicate the partial separation
of an intercalated disk. Asterisks indicate nuclear Z01 immunolabeling.
d-f, An isolated ventricular myocyte double immunolabeled for Ncadherin (CY-5) and Z01 (FITC). d and e show the single channel
information for N-cadherin and Z01, respectively. f shows a color
merge of d and e (101-green, N-cadherin-red). The inset is a higher
magnification view of the boxed region in f. Internalized Z01 particles
are arrowed in the inset. Scale bars = 50 Jlm.
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Next, we undertook quantitation of the co-localization between Cx43 and
Z01 in intact ventricular myocardium and in freshly isolated ventricular myocytes
(figure 2-8). This analysis was done using two approaches. In the first, we
analyzed co-distribution of Cx43 particles with Z01 in single optical sections of
cells or tissues. Our presumption was that such particles corresponded to
individual sarcolemma-localized or internalized (annular) GJs.

As such, this

analysis would be based on the ultrastructural domain of interest. Figure 2-8a
(particles) shows that the degree of co-localization between Cx43 particles and
Z01 particles increases significantly (p<0.001) following myocyte isolation. In the
second approach (pixels figure 2-8a), we examined the pattern of co-localization
on a pixel-by-pixel basis. The level of pixel-by-pixel co-localization increased over
3-fold (p<0.001) following dispersion - a similar increase to that observed in the
particle co-localization analysis. Finally, we undertook a 0-60 minute time course
examining co-localization between Cx43 and Z01 following isolation of myocytes
(figure 2-8b). Co-localization percentages of Z01 with Cx43 approximately
doubled in the first minute following myocyte isolation, climbed to a peak of 600/0
at 30 minutes, before falling back to 40% after an hour of culture of isolated
myocytes. Each change in co-localization percentage over this time course was
significantly different (p< 0.01) from the time point preceding it. In contrast to the
changing

pattern

of Z01-Cx43

association

observed

following

myocyte

dissociation, there was no significant variation in the area of Cx43 per cell over
the time course examined (figure 2-8b).
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Figure 2-8. Quantitation of Cx43-Z01 Co-localization Over a 60
Minute Time Course. a, Cx43-Z01 co-localization analyses carried
out pixel-by-pixel (PIXELS), or by Cx43 particle (PARTICLES), on
optical sections of intact ventricular myocardium (intact) and isolated
ventricular myocytes (isolated). Increases in Z01 co-localization with
Cx43 measured within 60 minutes of dissociation, as determined by
either quantitative method, were significant (p<0.001). b, On the left
axis (squares), co-localization levels of Z01 with Cx43 (as determined
by the pixel-by-pixel method on confocal optical sections) in intact
ventricular myocardium (Le. the 0 time point) and isolated ventricular
myocytes cultured for 1, 30 or 60 minutes following dissociation are
plotted. Asterisks (**) indicate a difference between a given time point
and the intact ventricular myocardial preparation that is significant at
p<0.01. Hash marks (##) indicate that the difference between the 30
and 60 minute time points is significant at p<0.01 from the preceding
time points preceding. On the right x-axis (triangles), a corresponding
time course is illustrated of Cx43 signal area (J.lm 2 ) per cell area
following myocyte isolation.
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Co-immunoprecipitation indicates an increase Cx43 and Z01 interaction
and potential increases in Cx43 phosphorylation following

myocyte

dissociation.

Using anti-Cx43 antibodies, it was found that both Cx43 and Z01 could be
co-immunoprecipitated,

under non-denaturing conditions, from

both intact

myocardium and freshly isolated myocytes (figure 2-9a). Immunoprecipitations
were performed using two anti-Cx43 antibodies against independent Cx43
epitopes. Western blots of Z01 and Cx43 immunoprecipitated by either of the
anti-Cx43 antibodies used revealed that relatively more Z01 was consistently coimmunoprecipitated

from

isolated

myocytes

than

intact

myocardium.

Densitometric analyses indicated that the relative level of Z01 (as a ratio of Cx43
levels in the sample) brought down by anti-Cx43 antibodies increased
significantly (p<O.03) between intact and isolated preparations (figure 2-9b).
Addition

of peptide to which

immunoprecipitation

of

both

anti-Cx43 antibody was
Cx43

and

Z01,

raised

indicating

abolished
that

the

immunoprecipitation of Z01 was due to the specific interaction between Cx43 in
the non-denatured preparations and the anti-Cx43 antibody (figure 2-9a). Taken
together, these data are consistent with the confocal co-localization analyses,
and strongly support that a rise in direct interaction between Cx43 and Z01
occurs following disruption of intercellular contact between myocytes.
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Figure 2-9. Immunoprecipitation Indicates an Increase in Cx43ZOi Interaction After Myocyte Isolation. a. Western blots of Cx43
and ZOi in anti-Cx43 immunoprecipitates from intact myocardium (i.
int) and isolated myocytes (ii. iso). Pre-incubation with peptide to
which the Cx43 antibody was raised (Cx43 IP + PI) inhibited
immunoprecipitation of Cx43 and Z01 from both intact (iii. int) and
isolated (iv. iso) samples. b. Ratios of immunoprecipitated Cx43 to
Z01 in intact or isolated cells. The difference between ratios is
significant at p<0.03.
The induction of endocytosis of Cx43-containing GJs in cultured cells has
been reported to be associated with an increase in the phosphorylated isoforms
of Cx43 (Guan et aI., 1996).

We therefore undertook Western blotting with

emphasis on increasing separation in the 40-50kD range of protein relative
mobility.

These blots revealed that following dispersion of cardiac myocytes,

there was a shift towards increased levels of higher molecular mass isoforms of
Cx43 at 10, 30, and 60 minutes, as compared to Cx43 isoforms in intact
myocardium (figure 2-10).

The change in relative mobility of Cx43 has been
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correlated with changes in phosphorylation status of the protein.

Thus, the

decrease in relative mobility of Cx43 in PAGE following myocyte isolation likely
corresponds to an increase in phosphorylated Cx43 isoforms. The majority of
Cx43 protein detectable following myocyte isolation is consistent with a more
phosphorylated form of Cx43. A comparison between the lanes of the western
blot shown in figure 2-10 indicates that there is no apparent decrease in Cx43
protein in the post-isolation time course as assessed in relation to immunoblotted
GAPDH levels.

Cx43
-46 kD
-43 kD

46kD ..
43 kO-

GAPDH

tnt

10

30

60

Figure 2-10. Western Blots Performed on Samples of Dissociated
Myocytes. Western blots performed on samples of dissociated adult
myocytes indicate a change in the relative mobility of the Cx43 protein
that is consistent with an increase in the phosphorylation status of
Cx43. Anti-Cx43 and anti-GAPDH antibodies were used to examine
protein levels of intact myocardium (Int) and myocytes isolated for 10,
30, and 60 minutes. GAPDH was used to normalize protein levels.
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Discussion
Here, using high-resolution analyses, we show that Z01 and Cx43 have
relatively low to moderate point-by-point co-localization within intercalated disks
in normal ventricular myocardium. This is in contrast to the precise and extended
pattern of co-localization observed between N-cadherin and Z01 within these
specialized domains of sarcolemma. Relative levels of association between Cx43
and Z01 increase conspicuously following dissociation of living ventricular
myocytes from intact heart. Previous workers have characterized that this
treatment, which results in the break-up of electrical and mechanical intercellular
couplings, induces the formation of cytoplasmic GJ vesicles known as annular
junctions

(Severs

et

aI.,

1989,

1990).

That

this

increase

in

Z01

immunolocalization at internalized GJs is accompanied by increases in direct
interaction between Cx43 and Z01 at the protein-protein level is supported by
co-immunoprecipitation analyses. Taken together, our findings are consistent
with the growing evidence (Migaud et aI., 1998; McGee et aI., 2001) that
previously hypothesized functions for MAGUK proteins (e.g. Z01, dig, PSD-95,
PSD-93) in active localization of proteins to membrane sub-domains and in ion
channel aggregation may need re-evaluation, or at least, expansion to consider
other possible modalities. Indeed, while an involvement of Z01 in stabilization
and function of GJ channel clusters at intercalated disks remains possible, our
data are also consistent with a role for Z01 partnering with Cx43 subsequent to
the disruption of functional communicative contact between myocytes. A similar

63

conclusion has recently been reported in 42GPA9 Sertoli cells (an epithelial cell
line) treated with lindane (Defamie et al., 2001).
Previous reports have suggested that Z01 may be an important factor in
the intercalated disk-targeting and/or function of Cx43-containing cardiac GJs
(Toyofuku et aI., 1998, 1991; Giepmans et aI., 1998). These conclusions were
based largely on studies of cultured cells, and included co-immunoprecipitation,
yeast two hybrid assays, transfection experiments, and low resolution single
labelings showing Cx43 and Z01 co-distribution at cell borders. To date, highresolution immunoconfocal or immuno-electron microscopic analyses of the
pattern of association within intact myocardial preparations have not been
undertaken. Together, with data from co-immunoprecipitation experiments, our
detailed spatial analyses indicate that low to moderate levels of Cx43 - Z01
association occurs in normal adult myocardium. The results shown here
nonetheless are consistent with those of previous reports in that significantly
increased contact between these two proteins can occur in cells in vivo - albeit
under specific circumstances. Namely, Z01-Cx43 interactions appear to be
particularly increased at former GJs, internalized within living ventricular
myocytes.
Previous studies of isolated myocytes suggest that all GJ membrane is
immediately internalized (i.e. no GJ membrane remains exposed to the myocyte
exterior) directly following myocyte dissociation (Severs et aI., 1989). The
majority (>700/0 in rabbit and guinea pig) of these junctions in freshly dissociated
cells (i.e. time zero of the time course) are annular GJs. This internalization
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occurs mainly at, or just subjacent to sites at which former cell contact occurred,
including near the remnants of intercalated disks (Severs et aI., 1990). Over time
courses, annular GJs did not undergo significant reduction in number (i.e. did not
break down) nor did they traffic more deeply into the myocyte interior from initial
sub-sarcolemmal locations. There was no apparent evidence for re-population of
GJs to the cell surface. As such, all Cx43 immunolabeling shown in figure 2-6 (a
myocyte cultured for 30 minutes following isolation) is internalized and probably
mostly located within annular GJs.
In guinea Pig, though 77 % of junctions in isolated myocytes at time zero
are annular GJs, the percentage rises to 91.5

%

after a few hours (Severs et aI.,

1989). This has been interpreted as evidence that in guinea pig, GJ endocytosis
continues following dissociation. The rat undergoes a similar progressive time
course of GJ endocytosis following dissociation of myocytes (Mazet et aI., 1985).
It is thus possible that a progressive time course of GJ endocytosis, following
cellular dissociation explains, or at correlates with, the cumulative time course of
Cx43-Z01 co-localization that we show in figure 2-8b.
While a distinction should be drawn between standard processes
occurring in vivo and those resulting from enforced cellular dissociation, annular
GJs have been shown in a wide range of normal and diseased tissues. Intact
myocardial tissues in which internalized GJ vesicles have been located include
mammalian myocardium during early postnatal life (Legato et aI., 1979; Chen et
aI., 1989) and adult hearts affected by specific myocardial pathologies (Peters et
aI., 1993; Uzzaman et aI., 2000). Non-myocardial tissues in which annular GJs
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have been observed include ovarian granulosa cells, bone, iris epithelium, oral
epithelium, hepatocytes, and embryonal carcinoma cells (Severs et aI., 1989;
Larsen et aI., 1979). More recently, Laird and co-workers used GFP tagged
Cx43 to provide direct evidence that annular GJ formation is a normal
mechanism for the removal and turnover of channel aggregates from the cell
surface (Laird et aI., 2001). On an ultrastructural scale, this study reveals that
the process is swift and dramatic. Within minutes, GJs are torn as extended bimembranous structures from the plasma membrane and internalized as intact
channel aggregates within a neighboring cell. On the basis of these in vivo and
in vitro studies, it is probable that rapid generation of cytoplasmic GJ vesicles is
"part and parcel" of the remodeling of cell-cell contacts that occurs during normal
development, differentiation and disease processes. Finally, consistent with the
low levels of Z01-Cx43 association we report here in undisrupted -ventricular
muscle, it is noteworthy that annular GJs are rare in non-diseased myocardial
tissues from adult mammals (Legato et aI., 1979; Chen et aI., 1989; Uzzaman et
aI., 2000).
One reason that we initially focused on internalized GJs as a potential target
for increased Cx43-Z01 interaction is that earlier workers had reported that
elements of the actin cytoskeleton were closely associated with annular junctions
(Larsen et aI., 1979; Murray et aI., 1997). As the C-terminal of Z01 is thought to
interact with the actin cytoskeleton directly via intermediaries including spectrin
(Itoh et aI., 1997; Toyofuku et aI., 1998), we reasoned that Z01 may also be
localized to annular GJs. A logical extension of such thinking then is to surmise
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that Z01 may be involved in the generation of these cytoplasmic membrane
structures per se. Actin is known to actively and directly participate in
endocytosis processes (Merrifield et ai, 1999), including specific involvement in
the endocytosis of GJs (Murray et aI., 1997). Z01, via its ability to simultaneously
interact with Cx43 and the cytoskeleton, may confer specificity to such actinbased contractile processes. The "tearing out" and internalization of structures as
large and potentially non-compliant as GJ channel clusters in toto presumably
requires powerful, site-directed mechanisms of force generation.
A putative role for Z01 in GJ endocytosis re-raises the prospect for Z01
involvement in the generation of myocyte coupling patterns in development and
disease - though not necessarily just as a multivalent adapter, stabilizing the
components of electrical and mechanical junctions within intercalated disks. We
have formerly hypothesized that disks at myocyte termini may differentiate by
mechanisms that include more rapid turnover of Cx43-containing GJs at lateral
domains of ventricular myocytes (Angst et aI., 1997). Interestingly, annular GJs
are significantly more common in ventricular muscle during the postnatal period
in which intercalated disk differentiation occurs (Legato et aI., 1979; Chen et aI.,
1989). Whether this internalized GJ population in postnatal myocardium has
associated Z01 remains to be explored. Other explanations of the increased
association

of Cx43

and

Z01

following

cell

dissociation

also deserve

consideration. These alternates would include roles for Z01 in targeting of
annular GJs to the lysosome and/or recycling of Cx43 from annular junctions
back to functional GJs in the plasma membrane (figure 2-11).
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Figure 2-11. Proposed processes in
which GJs may interact with ZO-1.
Z01 has been suggested to function in
the targeting of Cx43-containing GJs to
the cell membrane (Toyofuku et aI. ,
1998), but may also participate in the
endocytosis, formation, or trafficking of
GJs from the cell membrane to sites of
degradation such as the lysosome or
proteosome. In addition, re-targeting of
annular GJs back to the cell membrane
remains a possibility. The interaction
between connexins and Z01 remains
an active area of research and may be
regulated
through
phosphorylation.
Adapted from Barker et aI., 2002.

Phosphorylation of Cx43 represents an important mechanism for the
regulation of GJ gating, assembly, trafficking, and degradation (Lampe et aI.,
2000; Laird et aI., 1996). Cx43 in normal intact myocardium can be resolved into

two distinct phosphorylated species upon Western blotting, although as many as
five species have been reported (Laird et aI., 1996). We find that an increase in
potential Cx43 phospho-isoforms, as discriminated by electrophoretic mobility
shift, consistently accompanies myocyte isolation and the induction of GJ
endocytosis. A similar decrease of the relative mobility of Cx43 on immunoblots
has been previously reported following induction of GJ endocytosis in studies of
cultured cell lines (Guan et aI., 1996). Further evidence supporting our
observation

comes

from

reports

that

antibodies

specific

for

the

non-

phosphorylated isoform of Cx43 immunolocalize at internalized annular GJs at
relatively low levels (Nagy et aI., 1997). In this respect, it is also important to
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note that no overall alteration in Cx43 levels occurs over the time course
following

myocyte

dissociation

(figure

2-10),

immunoconfocal quantitation and immunoblotting.

as

assessed

by

both

The changes in Cx43-Z01

association and Cx43 relative mobility observed in this study are therefore
unlikely to be the result of selective degradation of GJs not containing
phosphorylated Cx43 and not associated with Z01.
In conclusion, this study establishes a number of observations and raises
some equally important questions. Based on the results, it seems that direct
interactions between Z01 and Cx43 are dynamic and capable of undergoing
rapid change following disruption of functional contact between myocytes. This
change occurs over a specific time frame in living cells, with levels of association
quantifiably rising and falling within 60 minutes of myocyte dissociation. Finally,
the increased Cx43-Z01 interaction we observe is correlated with an equally
rapid change in the relative mobility (and possibly phosphorylation status) of
Cx43. Whether phosphorylation of Cx43 is a prerequisite for increased Z01Cx43 interaction remains to be determined. Of other remaining questions,
perhaps the most important is whether Z01

directly participates in GJ

endocytosis. Future experiments targeting Cx43 - Z01

interaction using

dominant negative approaches might enable discrimination of whether this
interaction is necessary during or subsequent to the genesis of annular GJs.
Resolution of these questions may provide important new avenues for
understanding the mechanistic basis of GJ remodeling in cardiac development
and disease.
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CHAPTER III. EFFECTS OF A PUTATIVE DOMINANT NEGATIVE
INHIBITIOR OF CX43-Z01 INTERACTION IN VITRO AND IN VIVO
Introduction
In the neonatal myocardium,

Cx43-containing

GJs are distributed

relatively uniformly throughout the membranes of myocytes.

During postnatal

development, an extensive remodeling of cell-cell contacts occurs to yield a
highly polarized geometry of GJ distribution at the intercalated disk of the adult
myocardium (Gourdie et aI., 1993; Kaprelian et aI., 1997).

Two-dimensional

perspectives of "en face" disks indicate a precise pattern of GJ distribution at the
intercalated disk, which consists of a ring of larger GJ plaques occurring around
the periphery of the disk, with smaller, punctate GJs localized within this ring
(Gourdie et aI., 1993; Kaprielian et al. 1997; Barker et aI., 2002).

The

mechanisms involved in generating such GJ coupling geometries during
p.

postnatal development remain to be determined, but are likely to involve a
number of proteins located at the cytoplasmic face of the GJ plaque (Giepmans
et aI., 2001; Jin et aI., 2000).
One protein thought to regulate GJ distribution by mediating linkage
between Cx43 and the cytoskeleton is Z01 (Toyofuku et aI., 1998; Giepmans et
aI., 1998).

However, data presented in the last chapter suggested that the

interaction between Cx43 and Z01 was limited to low to moderate levels in
normal, intact myocardium.

In contrast, we have shown that Cx43-Z01

interaction is increased following the induction of GJ remodeling, though the
biological significance of this increased interaction remained to be determined.
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The use of a putative dominant negative inhibitor of the Cx43-Z01
interaction (DN-Z01) has previously been reported by Toyofuku et al. (1998).
This protein consisted of the amino terminus of Z01, incorporating its first two

PDl domains, including the second PDZ domain which contains the region
known to bind the carboxyl terminus of Cx43 (Toyofuku et aI., 1998; Giepmans et
aI., 1998). However, DN-Z01 lacks the portion of l01 known to interact with aspectrin and actin (Itoh et aI., 1997), thereby rendering it functionally unable to
bind cytoskeletal structures.

Overexpression of DN-Z01 in HEK293 cells

resulted in a redistribution of Cx43 from the membrane to cytoplasmic sites, as
assessed by immunohistochemistry (Toyofuku et aI., 1998).

The authors

interpreted these results as suggesting that DN-Z01 inhibited assembly of GJs at
the membrane due to a defective targeting of Cx43.

In transiently transfected

neonatal cardiomyocytes expressing DN-Z01, GJ conductance was markedly
decreased, suggesting a reduction in cell-cell coupling.

However, no images

showing reduction of GJ levels in immunolabeled myocytes were included in this
report.

The utility of DN-Z01 as a dominant negative inhibitor of Cx43-l01

interaction was demonstrated, chiefly by inclusion of immunoprecipitations
suggesting that DN-Z01 limited the interaction of Cx43 and Z01.

Further

analyses of DN-Z01 expression could thus be undertaken in myocytes to
establish the effects of this protein on GJ contacts.
In the following study, we provide a more comprehensive framework for
understanding the biological significance of the Cx43-Z01
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interaction by

examining and quantitating the effects of DN-Z01 on multiple junction types in
primary myocyte culture and in developing myocardial tissues in vivo. We show
that an adenovirus expressing DN-Z01 has effects on Cx43 particle size and
distribution in vitro and in vivo.

In addition, the possibility that the DN-Z01-

expressing adenovirus may have effects on the assembly or function of Ncadherin-containing AJ was investigated. Our findings indicate that DN-Z01
targets both GJ and AJ and may mediate both direct and indirect effects of
intercellular communication junctions containing Cx43.

Materials and Methods
Generation and Use of the DN-Z01 Adenoviral Inhibitor.

DN-Z01 was

cloned by Dr. Cheng Gang from a full-length Z01 construct according to previous
reports (Toyofuku et aI., 1998), and encapsulated in the AdEasy adenovirus
expression vector (Q-Biogene, Carlsbad, CA), with a bi-cistronic CMV promoter
also expressing GFP. Primary neonatal myocyte cultures were infected with advDN-Z01, an empty GFP control adenovirus (adv-GFP), or no adenovirus for a
period of 24 hours. Cultures were infected with adv-DN-Z01 or adv-GFP at an
MOl between 3 and 5, which resulted in an infection efficiency of greater than

70%. Following 24h of exposure to the adenovirus, the cultures were washed in
PBS and new media was added. The cultures were harvested for Western blot
analysis or immunohistochemistry after 72

hours of protein expression.

Expression of DN-Z01 was confirmed using both Western blot (see figure 3-2)
and immunohistochemistry with anti-c-myc antibodies (see figure 3-3c).
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Neonatal Ventricular Myocyte Isolation and Culture.

Isolation and culture of

neonatal rat cardiomyocytes was performed according to the method of Simpson
et al. (1994) with modifications. Hearts were removed from neonatal rats at 1-4
postnatal days and minced extensively in Hank's Balanced Salt Solution (HBSS)
(Gibco). Following extensive washes with HBSS, the tissue was incubated on a
Nutator in digestion solution (HBSS with O.Smg/ml of collagenase and 10Jlg/ml
araC) for periods of 20 minutes.

Following each incubation, the solution

containing isolated myocytes was removed, and fresh digestion solution was
added. The isolated myocytes were spun at 1000rpm for 10 minutes, and the
supernatant was discarded.
following centrifugation.

5ml of FBS (Hyclone) was added to each pellet

After 6 digestion incubation periods, the pellets were

pooled, placed in maintenance media (M199 with 200/0 FBS and 1oJlg/m I araC),
and plated on 150ml culture dished for one hour to partially remove fibroblasts.
Myocytes were then centrifuged, diluted in maintenance media, and were plated
on gelatin (Sigma)-coated coverslips or culture dishes.

Culture media was

changed every 48 hours. Myocytes were plated for 72 hours prior to adenoviral
infection to allow the formation of stable cell-cell contacts. Myocytes expressed
adenoviral proteins for 72 hours prior to fixation or sample preparation.

Microinjection of Adenovirus into Neonatal Myocardium.

Microinjections

were performed according to the method of Christensen et al. (2000) with
modifications. Neonatal rats (day 1 postnatal) were placed on ice for 2 minutes.
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Approximately 15J..l1 of adenovirus was loaded into a flame stretched capillary
tube.

The capillary tube/needle was then mounted on a micro-manipulator

system, and the chest cavity was penetrated.

The entrance of pulsatile blood

into the capillary tube suggested penetration of ventricle.

A Picospritzer II

(General Valve Corp., Fairfield, NJ) was used to provide pressure for the
injection of adenovirus into the ventricle.

Immunohistochemistry. Immunohistochemistry was performed on cultures of
neonatal myocytes and tissues from postnatal myocardium as detailed in the
previous chapter, with modifications as follows: For preparation of intact tissue,
hearts from various postnatal ages (day 10 to day 90) were surgically removed,
fixed in 4%

paraformaldehyde, washed thrice in PBS. Prior to being placed in

TBS tissue freezing compound (Triangle Biomedical Sciences), hearts were
examined by fluorescence microscopy to assess regions of GFP expression and
to orient the hearts for sectioning.

The specimens were then immediately

immersed in liquid nitrogen-cooled isopentane until frozen solid.

Fresh frozen

sections (10J..lm) were prepared at -32°C and placed on glass slides. Sections
were then washed with PBS-A with 0.01% Triton X-100 added, and blocked with
1% bovine serum albumin (BSA) in PBS-A for 1 hour. Isolated neonatal rat
ventricular cardiocytes grown on gelatin-coated coverslips were fixed with 4%
paraformaldehyde for 10 minutes, washed 3x in PBS-A, then blocked with 1%
BSA in PBS-A with 0.01% triton X-100 added for 1 hour.
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Slides or coverslips were incubated overnight at 4°C in a combination of
primary antibodies directed against Z01 (Zymed), Cx43 (Chemicon; Sigma), cmyc (Santa Cruz Biotechnology, Santa Cruz, CA) and N-cadherin (Sigma).
Appropriate secondary antibodies (Molecular Probes) conjugated to alexa fluor
546 or Cy5 were used to label the specific primary antibodies. Double labelings
were carried out using both alexa fluor 546 and CY-5. Siowfade Light anti-fade
agent (Molecular Probes) was added and the sections were coverslipped and
sealed.

Slides were examined using a Leica TCS SP2 AOBS laser scanning

confocal microscope. Channels were imaged sequentially to eliminate "bleed
over" between detection channels.

Western Blot Analysis.

Western blotting was performed as described

previously (see chapter 2) with modifications as detailed below.

Cultured

neonatal cardiomyocytes which were infected with DN-Z01, empty GFP, or no
adenovirus were scraped and solubilized in SDS reducing buffer (60 mM Tris-

Her

pH 6.8, 2.2% SDS, 140mM NaCI, 20% glycerol) at 4°C.

Samples were

sonicated at high power for 30 seconds then underwent SDS-polyacrylamide gel
electrophoresis using a Biorad Mini-Protean II Electrophoresis Cell. After PAGE,
gels were transferred to PVDF membranes (Biorad) for one hour. Membranes
were washed and blocked for one hour in TBS-T (100 mM Tris HCI pH 7.5, 770
mM NaCI) and 5%

non-fat milk. Primary antibodies were added against Cx43

(Zymed; Sigma), c-myc (Santa Cruz) or GAPDH (Research Diagnostics) for 1
hour. After washing 3 times in TBS-T, final detection was accomplished using an

76

alkaline phosphatase conjugated anti-mouse or anti-rabbit antibody (Southern
Biotechnology) and ECl's COP-Star system (Tropix). Results were recorded on
chemiluminescent film (Amersham).

Cx43 Quantitative Immunoconfocal Microscopy and Statistical Analysis.
Immunolabeled slides of isolated neonatal rat cardiomyocytes or adult rat
myocardial tissues were prepared as previously described. From 9 to 16 optical
sections were taken of cultured myocytes or tissue infected with adv-DN-Z01,
adv-GFP, or no virus. Each optical section was captured with the same pinhole,
gain, and black level settings on a leica TCS SP2 AOBS laser scanning confocal
microscope. A 40x 1.3 NA oil immersion objective was used with a 3.36 digital
zoom to capture images of 1024x1 024 resolution. Each pixel corresponded to an
area of 100nm x 100nm.

Using the NIH Image software program, images from

the Cx43 channel (FITC) was thresholded to precisely match immunolabeling
patterns as previously described (Barker et aI., 2002; litchenberg et aI., 2000;
Angst et aI., 1997; Gourdie et aI., 1991). Analyses of total Cx43 content along
with size, quantity, and distribution of GJ plaques was undertaken according to
previous published methods (Green et aI., 1993; Kaprelian et aI., 1998; Barker et
aI., 2002).

Statistical analyses were carried out on the data using Microsoft

Excel. Unpaired 2 tailed student's t-test was performed to assess the differences
between groups.

P-values above 0.05 were rejected as not significant.

Data

shown together with p values from ANOVAs include the mean and standard error
of the mean.
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Figure 3-1. Schematic Depiction of Putative Cx43-Z01 Dominant
Negative Interaction Inhibitor Based on the Amino Terminus of
Z01. Based on the report of Toyofuku et al. (1998), the dominant
negative inhibitor of Cx43-Z01 interaction consists of the amino
terminus of Z01, including the first two POZ domains, with a myc tag.
The second POZ domain has been shown to bind the terminus of
Cx43, as well as Z02 and Z03. The predicted molecular weight of
DN-Z01 is 42kO.

Results.
Dominant-Negative Inhibition of Cx43-Z01 Interaction Causes Increases in
Cx43 Particle Size and Alterations in Cx43 Distribution
Primary cultures of neonatal cardiomyocytes were infected with adv-DNZ01, adv-GFP, or no virus.

Following 72 hours, samples were prepared and

analyzed using Western blot to confirm the presence of a myc-containing protein
(see figure 3-1) and to determine whether a change in Cx43 levels had occurred
in response to ON-Z01 expression.

Western blots of myocytes infected with

adv-DN-Z01, adv-GFP, or no virus (figure 3-2) indicated that the protein levels of
Cx43 were comparable among the treatment groups.

However, immunoblots

using anti-myc antibodies indicated the presence of a 42kD band only in adv-ONZ01 infected myocytes. This band is consistent with the size of the DN-Z01
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dominant negative inhibitor protein and confirmed the expression of DN-Z01 In
adv-DN-Z01 infected cultures.
To further confirm the presence of DN-Z01 in adv-DN-Z01 infected
myocytes, immunohistochemistry using an anti-myc antibody was performed on
myocyte cultures infected with adv-DN-Z01, adv-GFP, or no adenovirus.
Myocytes were then double immunolabeled labeled for Cx43 and myc (figure 33). Because the adv-DN-Z01 construct was bicistronic and co-expressed GFP,
the presence of GFP within myocytes (green channel in figure 3-3a and 3-3c)
provided a useful marker of infected cells. Only myocytes expressing DN-Z01
showed specific immunolabeling of a myc-containing protein together with GFP,
as assessed by confocal microscopy (blue channel in figure 3-3a and 3-3c).

on

Blot:
Cx43

Blot:
Myc

Infect d

adv

adv

GFP

DN-Z01

Figure 3-2.
Western Blots from
Myocytes Expressing GFP and ONZ01. Samples obtained from cultured
neonatal myocytes infected with advGFP, adv-DN-Z01, or no virus were
blotted for Cx43 and myc. While Cx43
levels appeared comparable among the
three treatment groups, myc could be
detected only in adv-DN-Z01 infected
cells.
The molecular weight is
consistent with the proposed molecular
weight of Z01. GAPDH was used to
normalize protein concentrations.

Blot:
GAPDH
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While there appeared to be little change in overall Cx43 levels between
adv-DN-Z01 and adv-GFP infected myocytes, consistent with previous reports
(Toyofuku et al.,1998), we found that DN-Z01 induced striking alterations in the
distribution of Cx43 particles (red channel in figure 3-3a and 3-3c, single
channels in 4-3b and 4-3d), compared to controls. These particles are likely to
consist of GJ plaques at the membrane, annular GJs, and/or aggregations of
connexons in the process of being trafficked from or to the cell membrane.
Myocytes infected with adv-DN-Z01 showed increased levels of detectable Cx43
particles within the cytoplasm as compared to controls, although concentrations
at the membrane occurred as well.

The presence of GJs at the membrane

indicated that DN-Z01 was unable to totally abolish GJ delivery to the
membrane, suggesting that Z01 interaction may not be necessary for assembly
or function of GJ channels. In addition to altered Cx43 distribution, in myocytes in
which Cx43-Z01 interaction was inhibited (adv-DN-Z01 infected myocytes),
cytoplasmic Cx43 particles appeared to be increased in size relative to controls.
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Figure 3-3. Cx43 Distribution in GFP and DN-Z01 Expressing
Primary Cultures of Neonatal Cardiomyocytes. Confocal optical
sections of cultured neonatal myocytes infected with adv-GFP (a and
b) or adv-DN-Z01 (c and d) were labeled for Cx43 (red) and myc
(blue). GFP localization occupies the green channel. While Cx43
distribution (b and d, with cell borders outlined in light gray) in advGFP infected myocytes could be localized primarily to the borders of
myocytes, extensive cytoplasmic Cx43 labeling was observed in DNZ01 expressing cells. Scale bar=18Jlm.
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Figure 3-4. Quantitation of Cx43 Particle Size and Distribution in
Cultured Neonatal Myocytes. Quantitations of Cx43 distribution in
single optical sections from neonatal myocytes indicate significant
increases in size (a) and cytoplasmic distribution (b) of Cx43 particles
following DN-Z01 expression in neonatal myocytes compared to advGFP infected and non-infected controls.
Quantitations were
undertaken following 72 hours of adenoviral expression.

To further define changes in GJ particle size and distribution following
inhibition of Cx43-Z01 interactions, we performed quantitations of Cx43 particle
size and distribution in single confocal optical sections in cultured neonatal
myocytes. These quantitations of GJ particle size and distribution (figure 3-4)
revealed a significant (p<0.005) increase in apparent cytoplasmic levels of Cx43
from 17.38+/-0.42% and 27.12+/-5.33% in adv-GFP-infected and non-infected
controls, respectively, compared to 54.42+/-10.19% in adv-DN-Z01-infected
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myocytes.

In addition to differences in Cx43 particle distribution, average GJ

particle size was also significantly (p<O.05) increased to O.31+I-O.03J,!m2 in DNZ01 infected myocytes, relative to the O.23+I-O.02Jlm2 and O.24+I-O.02Jlm2
measurements obtained in control optical sections of GFP-infected and noninfected myocytes, respectively.

DN-Z01 Affects N-cadherin Distribution In Neonatal Myocytes
The distribution of GJ contacts in a variety of cell types is known to be
affected by the presence and distribution of N-cadherin-containing AJs (Meyer et
aI., 1992; Frenzel et aI., 1996; Hertig et aI., 1995; Radice et aI., 1997). The
structure of the AJ has been shown to be dependent on the presence of Z01
(Imamura et aI., 1999). Thus, DN-Z01 may function as an inhibitor of multiple
interactions involving Z01, including, but not limited to, inhibition of AJ assembly.
To rule out an indirect effect of DN-Z01 on the distribution of AJs, we performed
confocal microscopy using antibodies against N-cadherin on cultures of adv-DNZ01 infected myocytes, as well as control myocytes. Figure 3-5 shows confocal
micrographs of myocytes infected with adv-GFP and adv-DN-Z01 that are
double-labeled for N-cadherin and Cx43.

While accumulations of AJs were

prominent between uninfected myocytes and myocytes infected with adv-GFP
(large arrows in figure 3-5a), adv-DN-Z01 infected myocytes appeared to have
reduced levels of intercellular N-cadherin immunolabeling (small arrows in figure
3-5b).

This decreased detectablity of N-cadherin at cell-cell interfaces is
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consistent with an inhibitory function of N-terminal deletion mutants on assembly
or maintenance of AJs (Ryeom et aI., 2001; Itoh et aI., 1997).

Figure 3-5. DN-Z01 Affects Distribution of Adherens Junctions.
Primary cultures of neonatal myocytes infected with either a GFP
expressing adenoviral construct (a) or the DN-Z01 expressing
adenovirus (b) were double labeled for N-cadherin (green) and GFP
(blue).
Single confocal optical sections show that while normal
distribution of adherens junctions can be seen in the control cultures
(large arrows in a), DN-Z01 appears to reduce the prevalence of these
junctions (small arrows in b). Scale 8ar=25Jlm.

In Vivo Infection of Neonatal Ventricle Increases Plaque Size and
Alters Distribution of GJs

While primary cultures of neonatal myocytes proved informative for initial
studies, the lack of polarized distribution and clearly defined coupling patterns
limited the utility and applicability of in vitro studies.

To define the effects of

inhibiting Cx43-Z01 interaction in postnatal development (Gourdie et aI., 1992),
we performed microinjections of adenovirus into neonatal rat hearts and
examined junctional distribution between myocytes, with an emphasis on Cx43-
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GJs. The microinjection technique that we employed has been shown to result in
expression of exogenous adenoviral constructs for more 6 months post-injection
(Christensen et aI., 2000).

Figure 3-6. Myc labeling in Myocytes Infected with Adv-DN-Z01
and Adv-GFP. Myocytes infected with adv-GFP (a and c) or advDN-Z01 (b and d) were labeled for myc (shown in red in a and d, and
as single channel in c and d). Myocytes infected with adv-DN-Z01
showed specific labeling for myc (d), indicating the expression of DNZ01 , while adv-GFP infected myocytes (c) did not. Images taken from
myocardium at 90 postnatal days. Scale Bar=25~m.

We performed microinjections of adv-DN-Z01 and adv-GFP into neonatal
myocardium and found foci of infected myocytes that numbered from a few cells
to hundreds of cells in the adult heart 90 days following injection. Myc-Iabeling,
indicating the presence the DN-Z01 protein, was evident in adv-DN-Z01-infected
myocytes, while adv-GFP-infected and non-infected myocytes lacked any
specific labeling of myc (figure 3-6).

At 10, 40, and 90 days of adenoviral

expression, Cx43 quantity, size, and distribution were examined in single optical
sections of confocal micrographs (figure 3-7).
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Adv-GFP infected myocytes

appeared to have normal levels of Cx43, with typical GJ plaque size and
distribution throughout development.

Myocytes expressing DN-Z01, however,

displayed marked alterations in GJ plaque size and distribution, with an increase
in cytoplasmic Cx43 consistent with the findings in DN-Z01 expressing myocytes
in vitro (figure 3-3). These changes were observed as early as 10 days postinjection, and persisted into adulthood. N-cadherin labeling of adv-GFP and advDN-Z01-infected adult cardiomyocytes in vivo indicated that AJs were perturbed
following expression of DN-Z01 (figure 3-8). Single channel views of Cx43 and
N-cadherin distribution (figure 3-8b and d, and f and h, respectively) in DN-Z01
expressing myocytes shows that the disruption in distribution of Cx43 and in the
assembly of AJs was extensive. In contrast, typical junctional distributions were
maintained in uninfected myocytes adjacent to adv-DN-Z01 infected areas
(figure 3-7).
To further analyze Cx43 particle size and distribution alterations due to
DN-Z01 expression, quantitations were undertaken of single confocal optical
sections of adv-infected and

non-infected adult (90 days post-injection)

myocardium (figure 3-9), using previously published methods (Litchenberg et aI.,
2000; Barker et aI., 2002). Cx43 particle size increased significantly (p<0.001) to
0.66+1-0.08~m2 in adv-DN-Z01' infected myocytes, relative to 0.29+/-0.03J.1m2

and 0.33+/-0.03J.1m2 in adv-GFP and non-infected controls, respectively.

In

addition, increased levels of cytoplasmic Cx43 particles were induced by DNZ01, with 40.22+/-10.35% in adv-DN-Z01 infected myocytes compared to
26.30+/-3.34 % and 14.41+/-2.59% seen in adv-GFP and non-infected controls.
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Day 10
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Figure 3-7.
Cx43 Distribution During Postnatal Myocardial
Development. Infected myocytes from hearts infected with adv-GFP
and adv-DN-Z01 were labeled for Cx43 in red, and GFP in green.
Confocal micrographs indicated the spatial distribution of Cx43 in
infected myocytes at 10, 40, and 90 postnatal days. Overlap of the two
fluors is shown in yellow. While adv-GFP infected cells maintained
typical distributions of Cx43 at cell borders and intercalated disk
regions, striking increases in cytoplasmic labeling of Cx43 was
detected in adv-DN-Z01 infected myocytes. Scale Bar=32f..1m.

Discussion.
Although previous studies using DN-Z01 or similar Z01 deletion mutant
proteins have been performed (Toyofuku et al.,1998; Ryeom et aI., 2000; Itoh et
aI., 1997), a more extensive analysis of the effects of this inhibitor on Cx43
levels, particle size, and distribution was performed here. This study provides
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evidence that one function of Z01 may be the regulation of size of GJ plaques or
particles. However, it was also shown that the inhibitory activity of DN-Z01 may
extend to the assembly or function of N-cadherin containing AJs, a prerequisite
of GJ formation and maintenance (Meyer et aI., 1992; Frenzel et aI., 1996; Hertig
et aI., 1995; Radice et aI., 1997). Similar results have been previously reported
in epithelial cell lines (Ryeom et aI., 2000), although others (Toyofuku et aI.,
1998) have reported no affect on N-cadherin distribution or function. In addition
to DN-Z01, a Z03 N-terminal truncation has also been shown to inhibit AJ
assembly (Wittchen et aI., 2000). We have previously proposed that the prior
establishment of AJs may serve to stabilize GJ at specific regions of myocyte
sarcolemma (Angst et aI., 1997).

These findings suggest the possibility that

instability of mechanical junctions (Le. rather than direct disruption of Cx43-Z01
interactions) induced the redistribution of Cx43 GJs observed following DN-Z01
expression.
The disruption of AJs by DN-Z01 could perhaps have been anticipated
based on the structure of DN-Z01. Published reports indicate that there are
multiple binding sites located within the Z01 protein (Andersen et aI., 1995;
Gonzalez-Mariscal et aI., 2003). The proline-rich region of Z01 is responsible for
mediating interactions with the cytoskeleton by binding both actin and spectrin
(Itoh et aI., 1997).

Interactions with the cytoskeleton and membrane proteins

suggest the possibility of Z01 functioning as a scaffolding protein that may
stabilize, maintain, and target proteins to specific regions of the cell.
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Figure 3-8. The Distributions of Cx43 and N-cadherin are Altered
Following Expression of DN-ZOi in Adult Myocardium. Confocal
micrographs of adv-DN-Z01 infected (a, b, e, f) and adv-GFP infected
(c, d, g, h) cardiomyocytes indicate that DN-Z01 affects GJ plaque
size and distribution (small arrow in c and d; single channel view of
Cx43 in b and d) and induces perturbations in the localization of Ncadherin containing AJs (large arrow in g and h; single channel view in
f and h). However, typical junction distributions are maintained in
uninfected myocytes adjacent to infected areas. Scale bar a-d=12J.lm,
e-h=25J.lm.
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Figure 3-9. Quantitation of Cx43 Particle Size and Distribution in
Adenovirus Infected Adult Myocytes In Vivo. Significant increases
in Cx43 particle size (a) were observed in adult myocardium
expressing DN-Z01, compared to adv-GFP infected and non-infected
controls. Cytoplasmic labeling of Cx43 was also Significantly increased
by DN-Z01 (b). Results were consistent with data obtained in cultured
neonatal myocytes.

The three PDZ domains at the amino terminal half of Z01 are known to bind
multiple proteins, including structural and membrane components of the cell.
Inclusion of the second PDZ domain in the DN-Z01 protein allows it to function
as a dominant negative inhibitor of Cx43-Z01 interactions (Toyofuku et aI.,
1998). However, the binding of PDZ2 to other MAGUKs may compromise the
maintenance and stability of other cellular components, such as the AJs. DNZ01 is likely to bind Z02 and Z03 (Gonzalez-Mariscal et aI., 2003; Anderson et
aI., 1995), thus reducing the ability of these two proteins to function in the
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structure of the AJ.

The interaction between Z01 and Z02/Z03 have been

shown to occur at the second POZ domain (Gonzalez-Mariscal et aI., 2003), the
same region known to bind the carboxyl terminus of Cx43.

Because of the

possible competition of various proteins for this particular protein binding site, we
could not exclude the possibility that expression of DN-Z01 may affect other
functions of the cardiomyocyte, including cell adhesion junction assembly and
function.

The examination of N-cadherin in adv-ON-Z01 infected myocytes

revealed profound disturbances in N-cadherin distribution at the membrane
following ON-Z01 expression, as compared to controls. Because stability of AJs
may be a prerequisite for GJ localization at the membrane, indirect effects on GJ
function, distribution, and assembly may be anticipated.
In conclusion, inhibiting Cx43-Z01 interaction using DN-Z01 resulted in
increases in Cx43 particle size within cardiomyocytes in vitro and in vivo, while
apparently leaving total Cx43 content relatively unchanged.

However, an

unintended inhibition of AJ assembly, function, or localization may also be an
effect of ON-Z01.

Further studies using more specific inhibitors of the Cx43-

Z01 interaction are necessary to determine whether the effects on Cx43
distribution are the result of decreased Z01 interaction, or disruption of AJ
assembly at the membrane. These studies may also determine whether Z01
may participate in remodeling of GJ size or distribution during physiological and
pathological processes.
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CHAPTER IV. THE ROLE OF Z01

IN DEVELOPMENTAL

REMODELING OF MYOCARDIAL GAP JUNCTIONS
Introduction
In the previous chapter, we examined the effects of DN-Z01, a putative
dominant negative inhibitor of the Cx43-Z01 interaction.

While increases in

Cx43 particle size and alterations in Cx43 distribution were found in adv-DN-Z01
infected myocytes in vitro and in vivo in response to this treatment, marked
decreases in AJ localization to the cell membrane suggested that DN-Z01 may
have complex effects on intercellular junctions between myocytes.

Cadherin-

based adhesion is necessary for the establishment and maintenance of GJs
(Meyer et aI., 1992; Frenzel et aI., 1996; Radice et aI., 1997). It thus seemed a
possibility that destabilization of mechanical junctions (rather than, or in addition
to, disruption of Cx43-Z01

interaction) was contributing to the observed

redistribution of Cx43 GJs occurring in response to DN-Z01. As DN-Z01 had
effects on both GJs and AJs, we concluded that this approach to the targeted
disruption of Z01-Cx43 interaction may lack specificity. Consequently, we have
developed an alternative strategy to block interaction between Cx43 and Z01 by
targeting the pertinent binding motif at the second PDZ domain of Z01.

This

approach utilizes an antennapedia internalization sequence (Prochiantz et aI.,
1999) linked to the Z01 binding sequence found at the terminus of Cx43.
In the following study, the development and use of an alternative inhibitory
approach to block Cx43-Z01 interactions, based on the Z01 binding domain of
Cx43, is described. These in vitro studies indicate that Z01 functions as part of a
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molecular mechanism involved in dynamically regulating the size and level of
GJs containing Cx43 at the cell membrane. In subsequent analyses, we confirm
that during postnatal myocardial devlopment, there is an excellent relationship
between the level of molecular interaction between Z01 and Cx43 and the size
of GJs containing Cx43.

Materials and Methods
Co-immunoprecipitations of Cx43 and Z01.

Immunoprecipitations were

carried out using the method of Ai et al. (2000) with modifications as detailed:
Tissues from left ventricular myocardium of various ages were removed from
animals anesthetized using diethyl ether.

Cells were scraped from cultures

plated for a period of 3 days then maintained for 24h with treatment by control
peptides, inhibitor peptides, or no peptides. Following three washes with ice cold
PBS, tissues and cells were placed in 5001-11 ice-cold immunoprecipitation buffer
(10/0 Triton X-100, 0.1% SDS, 10mM Tris HCI pH 7.4, 5 mM EDTA, 2 mM DTT, 1
mM PMSF, 21-1g/mL leupeptin, 2J..lg/mL pepstatin A, 140 mM NaCI) and
homogenized

extensively

by

hand

using

an

Elvjhem

microfuge

tube

homogenizer. Cells were agitated on a Nutator at 4°C for 1 hour with vortexing
every 5 min.

Following pulsed sonication at high power for 10 sec, samples

were centrifuged for 10 minutes at 8000 rpm. The pellet was discarded. The
soluble fraction was incubated for 1 hour with 50 J..l1 of protein A-agarose solution
(Biorad) to preclear samples of endogenous immunoglobulin, then spun for 30
sec at 13000 rpm. The pellet was discarded. 4 I-1g of rabbit anti-Cx43 antibody
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was added to the supernatant, and samples were incubated at 4°C overnight on
a Nutator. Antibodies for co-immunoprecipitation (Zymed) were directed against
the cytoplasmic carboxyl region of Cx43. This region of antibody recognition did
not include the Z01 binding motif at the terminus of Cx43. 80fl9 of protein Aagarose was then added for 1 hour with agitation.

Following 3 washes with

immunoprecipitation buffer, 300 fll of sodium dodecyl sulfate (SOS) reducing
buffer (60 mM Tris-HCI pH 6.8, 4% 80S, 20% glycerol) was added to the
agarose-protein A pellets. Following extensive vortexing, samples were stored at
20°C prior to 80S-PAGE.

80S-PAGE and Western Blotting.

8DS-PAGE and Western blotting were

performed as described in the previous chapter with modifications as follows.
8amples of left ventricular myocardium were surgically removed, solubilized in
8DS reducing buffer and sonicated at high power for 30 seconds. Samples were
heated

for

5

min

at

95°C,

then

underwent

SOS-polyacrylamide

gel

electrophoresis (PAGE) using a Biorad Mini-Protean II Electrophoresis Cell.
After PAGE, gels were transferred to PVDF membranes (Biorad) for one hour.
Membranes were washed and blocked for one hour in TBS-T (100 mM Tris HCI
pH 7.5, 770 mM NaCI) and 5%

non-fat milk. Primary antibodies were added

against Cx43 (Sigma), Z01 (Zymed), or GAPOH (Research Oiagnostics) for 1
hour. After washing 3 times in TBS-T, final detection was accomplished using an
alkaline phosphatase conjugated anti-mouse or anti-rabbit antibody (Southern
Biotechnology) and ECl's COP-Star system (Tropix). Results were recorded on
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chemiluminescent film (Amersham). Quantitative densitometric analysis of
exposed film was performed using NIH image, as previously described (Gourdie
et aI., 1991; Litchenberg et aI., 2000; Barker et aI., 2002).

Immunohistochemistry.

For preparation of intact tissue, hearts from various

postnatal ages (day 1 to day 90) were surgically removed, fixed in 4%
paraformaldehyde, washed thrice in PBS. Prior to being placed in TBS tissue
freezing compound (Triangle Biomedical Sciences), hearts were examined by
fluorescence microscopy to assess regions of GFP expression and to orient the
hearts for sectioning. The specimens were then immediately immersed in liquid
nitrogen-cooled isopentane until frozen solid. Fresh frozen sections (10J.lm) were
prepared at -32°C and placed on glass slides. Sections were then washed with
PBS-A, and blocked with 1 % bovine serum albumin (BSA) in PBS-A with 0.01 010
Triton X-100 for 1 hour. Isolated neonatal rat ventricular cardiocytes grown on
gelatin-coated coverslips were fixed with 40/0 paraformaldehyde for 10 minutes,
washed 3x in PBS-A, then blocked with 1% BSA in PBS-A with 0.01 % triton X100 added for 1 hour.
Slides or coverslips were incubated overnight at 4

°c

in a combination of

primary antibodies directed against Z01 (Zymed), Cx43 (Chemicon; Sigma),
desmoplakin (Research Genetics), and N-cadherin (Sigma).

Appropriate

secondary antibodies (Molecular Probes) conjugated to alexa fluor 546, FITC, or
Cy5 were used to label the specific primary antibodies. Double labelings or triple
labelings were carried out using alexa fluor 546, FITC, and CY-5. Siowfade Light
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anti-fade agent (Molecular Probes, Eugene, OR) was added and the sections
were coverslipped and sealed.

Cx43 Quantitative Confocal Microscopy and Analysis. Previous work has
demonstrated that GJ plaque size measurements obtained using laser scanning
confocal microscopy show agreement with those obtained from freeze fracture
morphometry (Green et aI., 1993).

Thus, for analysis of Cx43 content and

distribution, random confocal optical sections (from 9 to 16 per category) were
taken of left ventricular myocardium immunofluorescently labeled for Cx43 at 1,
10, 20, and 90 days postnatally and in neonatal myocyte cultures with or without
peptides.

Each optical section was captured with the same pinhole, gain, and

black level settings on a Leica TCS SP2 AOBS laser scanning confocal
microscope. A 40x 1.4 NA oil immersion objective was used with a 3.36 digital
zoom to capture images of 1024x1 024 resolution. Each pixel corresponded to an
area of 100nm x 100nm. Using the NIH Image software program, images from
the Cx43 channel (FITC) was thresholded to precisely match immunolabeling
patterns as previously described (Barker et aI., 2002; Litchenberg et aI., 2000;
Angst et aI., 1997; Gourdie et aI., 1991). Analyses of total Cx43 content along
with size, quantity, and distribution of GJ plaques was undertaken according to
previously published methods (Green et aI., 1993; Kaprelian et aI., 1998; Barker
et aI., 2002). Statistical analyses were carried out on the data using Microsoft
Excel. Unpaired 2-tailed t-tests were performed to assess significance. P-values
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above 0.05 were rejected as not significant. Data shown together with p values
from ANOVAs include the mean and standard error of the mean.

Neonatal Ventricular Myocyte Isolation and Culture. Isolation and culture of
neonatal cardiomyocytes performed as described in the previous chapter.
Primary cardiomyocyte cultures were plated 3 days prior to treatment so that
stable cell-cell coupling would be established.

Astroglial Isolation and Culture. Astroglial cells were cultured from neonatal
rat brain using the method of Hansson et al. (1985) and plated on gelatin-coated
glass coverslips. Astroglial cells were cultured in MEM with Earle's salts with
100/0 horse serum, 0.60/0 glucose, and penicillin/streptomycin. Culture media was
changed every 48 hours. Primary astroglial cultures were plated 3 days prior to
treatment so that stable cell-cell coupling would be established.

Generation and Use of Antennapedia Peptides. Antennapedia peptides were
generated in the Medical University of South Carolina's Peptide Synthesis
Facility.

Each peptide contained an antennapedia internalization vector of 16

amino acids (Prochiantz et aI., 1999). In the inhibitor peptide, Antp-Cx43374-382,
this internalization vector was linked to the 9 terminal amino acids of Cx43. This
sequence was reversed in the control peptide, which had the effect of abolishing
the interaction of peptide with Z01. Each peptide was conjugated to biotin at the
amino terminus for the purpose of detection by immunohistochemistry.

98

Concentrations of peptide used in myocyte cultures and astroglial cultures were
based on previous reports (Kanovsky et aI., 2001; Oerossi et aI., 1998; Williams
et aI., 1997) and varied from 100flg/mL to 250flg/mL. Media containing peptide
was changed every 24 hours according to established methods (Kanovsky et aI. ,
2001; Oerossi et aI., 1998; Williams et aI., 1997). The presence of intracellular
peptide was confirmed

using immunohistochemistry with streptavidin-cy5

(Molecular Probes).

Antennapedia Based Peptides
TM1

Connexin43

TM2

TM3

TM4

DDLEI

c

N

Cx43 374--382

Inhibitor Peptide

biotin-An
Cx43382_374

Control Peptide

biotin-An

Figure 4-1. Structure of Rationally Designed Inhibitor Peptide. An
antennapedia-based peptide was synthesized used to block binding
sites on the second POZ domain of Z01. This peptide consisted of a
16 amino acid antennapedia internalization vector linked to the 9
terminal amino acids of Cx43. The terminal amino acids of Cx43 bind
to the second POZ domain of Z01, allowing the peptide to
competitively inhibit the interaction between connexin43 and Z01. The
control peptide consisted of the same antennapedia sequence linked
to the same 9 terminal amino acids of Cx43, but in reverse order, thus
abolishing interaction between this peptide and Z01.
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Results
Specific Targeting of Cx43-Z01 Interaction Alters the Size and Number of
GJ Plaques
In contrast to the amino terminus of Z01 (upon which DN-Z01 was
based), the only known protein-protein interaction mediated by the PDZ binding
domain of Cx43 is that occurring between Cx43 and Z01 (Toyofuku et aI., 1998;
Giepmans et aI., 1998). The apparent specificity of the partnering function of this
short peptide motif suggested another approach to specifically inhibiting Cx43Z01 interaction. Peptides containing the antennapedia internalization vector are
capable of passing freely through cell membranes, additionally being able to
cargo fusion sequences of hundreds of amino acids into the interior of cells
(Prochiantz et aI., 1999). This useful characteristic has been used to target
cytoplasmic protein-protein interactions by a number of workers (Chen et aI.,
2001, Gil-Parrado 2003; Prochiantz et aI., 1999). We synthesized a peptide
(Antp-Cx43374-382) incorporating at its C-terminal the PDZ (Le. Z01) binding
domain of Cx43 linked to an antennapedia internalization sequence (figure 4-1).
For the purpose of detection, the peptide was biotinlyated at its amino terminus.
As a control peptide, we utilized the same antennapedia sequence but reversed
the PDZ binding domain (Antp-Cx43382-374). Previously, it has been shown that
DDLEI sequences with a free C-terminal isoleucine are necessary for Z01
interaction with Cx43 (Giepmans et aI., 1998). Our inhibitory (Antp-Cx43374-382)
and control (Antp-Cx43382-374) peptides were thus rationally designed to be
competent and incompetent with respect to interaction with Z01. As such, it was
anticipated that Antp-Cx43 374-382 should compete for binding with Z01 in the
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cytoplasm, thereby reducing its availability for interaction with the carboxyl
terminus of endogenous Cx43.
Peptide concentrations at 100 J.lg/ml (30 J.lM) in the culture media and
above were found to consistently give detectable levels of the biotinlyated
peptides within the cytoplasm of myocytes (figure 4-2). As outlined in materials
and methods, this concentration fell within the range of effective concentrations
of antennapedia peptides reported by others (Prochiantz et aI., 1999; Kanovsky
et aI., 2001; Derossi et aI., 1998; Williams et aI., 1997). Treatment of myocytes
for a period of 24 hours with Antp Cx43374-382 at 100 J.lg/ml resulted in marked
increases in Cx43 content observed by CM, as compared to controls (figure 42a-c). Western blotting provided confirmation that an increase in Cx43 levels
occurred in myocyte cultures in response to Antp Cx43374-382

(figure 4-3).

Confocal microscopy indicated that the basis for this increase in Cx43 was
associated with an enlargement of individual GJs at cell membranes and
increases in the overall numbers of membrane-located plaques. While partial colocalization of Cx43 and Z01 could be observed at smaller, punctate junctions in
cultures treated with Antp Cx43374-382 or Antp-Cx43382-374 peptides (figure 4-2h-j),
negligible Z01 labeling was observed at larger GJ plaques in cells targeted by
Antp Cx43374-382 (arrow in figure 4-2j). Extended treatment with Antp-Cx43374-382
for a period of 5 days prompted the formation of extremely large GJ plaques of
up to 12 J.lm in width (figure 4-2f). In some cases, these structures appeared to
occupy most of the area of cell-cell contact between apposed myocytes.
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Figure 4-2.
Use of an Inhibitory Peptide (Antp-Cx43374-382)
Increases GJ Plaque Size in Primary Cultures of Neonatal
Myocytes. Treatment of primary cultures of cardiomyocytes with
antennapedia inhibitor peptides for a period of 24 hours resulted in
marked increase in Cx43-GJ content observed by confocal
microscopy, as compared to controls (double-labeling in a-c with
connexin43 in green and peptide in red). Extended treatment of
myocytes by the inhibitor peptide for a period of 5 days resulted in the
emergence of large GJ plaques that appeared to occupy most of the
area of cell-cell contact (connexin43 in green in g-i). Triple labeled
cultured myocytes (Cx43 in green, Z01 in blue, and antennapedia
peptides in red in d-f) show that myocytes treated with antennapedia
peptides have comparable levels of peptide intracellularly (e,f), while
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non-treated myocytes showed no specific labeling for peptides. While
limited co-localization of Cx43 and Z01 could be observed at punctate
GJ plaques in all cultures (d-f), little or no co-localization was observed
in larger GJ plaques (arrow in f) found only in cultures in which the
Cx43-Z01 interaction was inhibited (f). Scale Bars: a-c 80J,lm, d-f
25J,lm, g-i 10J,lm.

Larger GJs are a feature of the intercalated disk in adult mammalian
species (Gourdie et aI., 1991). However, the huge GJs seen after 5 days in
culture following treatment with Antp-Cx43374-382 (e.g, figure 4-2j) are rarely seen
in myocardium, or other tissues (Gros et aI., 1979; Kostin et aI., 1999; Kaprielian
et aI., 1998; Darrow et aI., 1995).

T

Blot.
Cx43

INH

CON

r~_\:

-4.3kD

Blot:

GAPDH

Figure 4-3. Western blot indicates
an Increase in Total Cx43 Content
following Treatment by AntpCx43374-382. Western blots performed
on samples from primary cultures of
neonatal myocytes after 24 h of
treatment with no peptide (NT), the
Antp-Cx43374-382
inhibitor
peptide
(INH), or control peptide (CON)
confirm the increase in total GJ
content
observed
by
confocal
microscopy following the inhibition of
Cx43-Z01
interaction.
Protein
concentrations were normalized using
GAPDH.

To further characterize changes in GJ size and organization due to
targeting of Cx43-Z01 interaction, detailed image analyses of confocal optical
sections were undertaken following 24 hours of peptide treatment. These data
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indicated a fourfold increase (p<O.001) in the total content (Le. area of plaque

J.lm 2 /area of myocardial cells) of Cx43 GJs in response to Antp-Cx43374-382J as
compared to the control peptide or non-treated controls (figure 4-7a).

As

suggested from the qualitative assessments, the measurements revealed that
this change was accounted for by significant (p<O.005) increases in both plaque
size and number (figure 4-7b and 4-7c, respectively). However, there was no
increase in the intracellular content of Cx43 in either Antp-Cx43374-382 or AntpCx43382-374 treated cultures (Fig. 4-7d). That is, unlike the response to DN-Z01
expression observed by us (figure 3-4) and others (Toyofuku et aI., 1998), there
was no redistribution of Cx43 from the membrane to the cytoplasm in following
treatment by the inhibitory peptide. Perhaps of most significance is that targeting
of Cx43-Z01 interaction by Antp-Cx43374-382 altered the GJ size frequency
distribution (figure 4-8). Specifically, the 24 hour peptide treatment induced the
differentiation of a class larger GJs, changing the frequency distribution of
plaque. As we describe in the subsequent results section, this change in GJ size
frequency distribution is similar to that occurring in ventricular myocardium with
postnatal growth (compare figure 4-8 with 4-10).
Neither Antp-Cx43374-382 nor control peptide treatment affected the cellular
distribution of desmosomes or AJs, as assessed by immunolabeling using
antibodies against desmoplakin and N-cadherin (figure 4-5). Thus the effects of
Antp-Cx43374-382 on intercellular junctions appeared to be specific for GJs, unlike
the apparent effects of DN-Z01 expression.

To further assess the specificity of

Antp-Cx43374-382 we undertook co-immunoprecipitations of Z01 with anti-Cx43
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antibodies from myocytes exposed to control or inhibitory peptides (figure 4-4).
This analysis indicated that Antp-Cx43374-382 treatment decreased levels of Z01
co-immunoprecipitation relative to cultures exposed to control peptide or no
peptide. To determine whether Antp-Cx43 374-382 had effects in other Cx43
expressing cells, primary cultures of astroglial cells were prepared from neonatal
rat

brain.

Consistent

with

disruption

of

Z01-Cx43

interaction

having

consequences independent of cell type, Antp-Cx43374-382 treatment induced
increases in the Cx43 content of cells expressing GFAP (a specific marker of
astrocytes - Munoz-Garcia et aI., 1985) (figure 4-6). The effects on astrocytes
appeared to be more modest than those seen in myocytes.

NT CON INH
IgG

Blot:
Cx43

3kD

Blot:
Z01

-220kD

Figure 4-4. Co-immunoprecipitations of Z01 and Cx43 in Peptide
Treated Cardiomyocyte Culture. In primary cultures of neonatal
cardiomyocytes, co-immunoprecipitations of Z01 using antibodies
directed against Cx43 were performed from myocytes that received
treatment with no peptide (NT), control peptides (CON), and the inhibitor
peptide Antp-Cx43374-382 (INH). Antp-Cx43 374-382 reduced the ability of
Cx43 to bind to Z01, demonstrating that it reduces the interaction
between Cx43 and Z01.
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Figure 4-5.
N-cadherin - Desmoplakin Double Labeling of
Antennapedia Peptide Treated Myocyte Cultures. Myocytes treated
with no peptide, control peptides, or inhibitor peptides for 24 hours
were double labeled for N-cadherin and desmoplakin, two components
of AJs and desmosomes, respectively. Oesmoplakin labeling is shown
in red, with N-cadherin labeling shown in green. No difference in
quantity or distribution of these proteins were noted among the
treatment groups. Scale 8ar=50J.1m.
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Figure 4-6.
Astroglial Culture Treated with Antennapedia
Peptides. To determine whether antennapedia-based peptides had
similar effects on cell types other than myocytes, primary cultures of
astroglial cells were treated with control (a and b) and inhibitor (c and
d) antennapedia peptides. Astroglial cultures were double labeled for
Cx43 and GFAP, an astrocyte specific marker. While the response was
prolonged in comparison to card iomyocytes , after 3 days of treatment,
Scale
Antp-Cx43 374-382 increased Cx43 content in astrocytes.
Bar= 60 f.l m.
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Figure 4-7. Quantitation of Effects of Antennapedia Peptides.
Quantitation of single confocal optical sections demonstrates that the
use of the antennapedia inhibitor peptide (INH) for a period of 24 hours
in myocyte primary culture induced an increase in total GJ cross
sectional area (a), GJ plaque size (b), and quantity of GJ plaques (c)
compared to peptide treated (CON) and non-treated (NT) controls, as
assessed by quantitation of confocal optical sections. In contrast to
the effects observed following treatment by DN-Z01 (see chapter 3),
Antp-Cx43 374-382 showed levels of GJ plaques at the cell membrane
similar to controls (d).
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Figure 4-8. Characterization of GJ Plaque Size Distributions in
Peptide Treated Myocytes. Quantitations of single confocal optical
sections were performed to characterize GJ plaque sizes cultured
neonatal myocytes treated with no peptide, control peptide, or inhibitor
peptide (Antp-Cx43374-382) for a period of 24 hours. These results are
plotted on a logarithmic scale to highlight differences in larger
(>2.0J.!m 2) GJ plaques. GJ distributions seen in non-treated and
control peptide-treated myocytes are similar to those seen in vivo in
immature «20 postnatal days) myocardium (see figure 2). While the
majority of GJ plaques are small «0.5 J.!m2), Antp-Cx43374-382 treatment
induced the emergence of larger GJ plaques that characterizes adult
myocytes in vivo (see figure 4-10).

Reduction in Z01 interaction with Cx43 over cardiac development is
correlated with increased plaque size and polarization of GJs into
intercalated disks.
Based on the results obtained using the inhibitory peptide in vitro, we were
curious as to whether a similar relationship existed between Z01 interaction with
Cx43 and GJ size in vivo.

Thus, correlative time courses of Cx43-Z01

interaction relative to changes in Cx43 GJ size, content, and cellular distribution
over postnatal growth were analyzed. Co-immunoprecipitations of Z01 by Cx43
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antibodies revealed decreasing levels of interaction between these two
molecules over the time course between birth and adulthood at 90 postnatal days
(figure 4-9a).
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Figure 4-9. Reduction in Z01-Cx43 Interaction Over Cardiac
Development is Correlated with Increased GJ Plaque Size and
Polarization
of
GJs
into
Intercalated
Disks.
Coimmunoprecipitations of Z01 by connexin43 antibodies revealed that
decreasing levels of molecular interaction occurred over the time
course between birth and adulthood at 90 postnatal days (a).
Densitometric analysis of multiple co-immunoprecipitations (black axis
on left in b) indicated that this decreasing trend in interaction was
highly significant, with relative levels of interaction declining by greater
than 500/0 between the neonatal and 90-day time points. Correlated
with the reduction in apparent interaction between Cx43 and Z01 was
a significant increase in average area of the Cx43 GJ plaque that
increased progressively from 0.13+/-0.01 J.lm in the early neonate to
0.30+/-0.05J.lm in the adult (red axis on right in b). In addition, cellular
polarity of GJ plaques increased during development (red axis on right
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in d), as assessed by quantitation of confocal optical sections. These
patterns of variation appeared to be wholly independent of variation in
total cellular Cx43 content as assessed by two methods: quantitation
of Cx43 positive area per field in single confocal optical sections (black
axis at left in d), and by Cx43 Western blotting (c).
Protein
concentrations were normalized using GAPDH.

Densitometric analysis of multiple co-immunoprecipitations (left axis In
figure 4-9b) indicated that this decreasing trend in interaction was significant, with
relative levels declining by greater than 500/0 between the neonatal and 90-day
time points. This pattern of variation in apparent stoichiometry of Z01 to Cx43
was independent of variation in total cellular Cx43 content as assessed by two
methods: quantitation of Cx43 positive area per field in confocal optical sections
(figure 4-9d), and by Cx43 Western blotting (figure 4-9c). While there was no
correlation between Cx43 levels and immunoprecipitated Z01, the varfation in
Cx43 level with postnatal age was similar to that reported previously by others
(Fromaget et aI., 1992).
Freeze fracture studies have demonstrated that the average size of GJ
plaques in the mammalian ventricle increase progressively over embryonic,
perinatal, and postnatal development (Shibata et aI., 1980; Gros et aI., 1978).
We used confocal microscopy to examine changes in GJ plaque size and
distribution

over

the

same

time

course

studied

in

the

Cx43

co-

immunoprecipitation analyses (Fig 4-9b, 4-9d). Consistent with the findings of
others (Shibata et aI., 1980; Gros et aI., 1978), our analyses indicated increases
in the average area of Cx43-GJ plaques with development, rising progressively
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from 0.13+/-0.01 J.lm2 in the neonate to 0.30+/-0.05 J.lm2 in the adult ventricle
(right axis in figure 4-9b). The data on plaque dimensions in the adult were in
good agreement with previous reports of GJ size based on confocal microscopy
of ventricular tissue from rodents and humans (Gourdie et aI., 1991; Saitongdee
et aI., 2000; Green et aI., 1993; Kaprielian et aI., 1998). Importantly, unlike total
Cx43 content, the increases in plaque size, as well as the progressive fraction of
GJs localizing to intercalated disks varied in direct inverse correlation with the
levels

of ZO-1

immunoprecipitated

by

Cx43

antibodies

over

postnatal

development (figure 4-9a).
The majority (>80 %

)

of GJ plaques measured over the time course were

less than 0.5 J.lm in individual area (figure 4-10). To further characterize the
changes in GJ size during development (figure 4-10a), a logarithmic frequency
distribution of plaque area was generated for 'each time point (figure 4-10b). Of
more than 500 individual plaques measured per time point, the presence of
larger GJ plaques (>2.0 J.lm) was observed only the adult myocardium. This
emergence of a distinct class of larger GJs at later maturational stages is a
phenomenon that had been noted in earlier freeze fracture studies of the
developing ventricle (Gros et aI., 1979). This change was also very similar to
that induced by Antp-Cx43374-382 treatment in neonatal myocytes in culture. Thus
it seemed that the inhibitory peptide may have precociously induced the
differentiation of larger Cx43-GJs seen to emerge with normal postnatal
myocardial development.
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Figure 4-10. Characterization of GJ Plaque Size Distributions
During Postnatal Development. Confocal microscopy was used to
examine changes in GJ plaque size and distribution as myocardial
development proceeded at days 1, 20, and 90 (confocal optical
sections in a). To further characterize the changes in GJ plaque size
observed by CM during development (2b), plaque area measurements
were categorized by size and charted on a logarithmic percentage
scale (histograms in b) to highlight differences in larger GJ plaques.
Of more than 500 individual GJ plaques measured per time interval,
the presence of very large GJ plaques (>2.0 Jlm2) was observed only
the adult myocardium (day 90). Scale bar=12 Jlm.

Discussion
This study indicates that a biological function of the interaction of Z01 with
Cx43 is regulation of the size of GJ channel aggregates. This function has
important implications for the organization of conduction pathways in excitable
tissues like heart and brain. Interestingly, a precedent for this effect on GJ size
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can be inferred from the literature. Previously it has been shown that addition of
amino acids to the Cx43 carboxyl terminus inhibits binding of Z01 (Giepmans et
aI., 1998). Interestingly, formation of GJ aggregates of atypically large size is a
consistent feature of various reports of the expression of Cx43 variants encoding
carboxyl terminus fusion sequences such as GFP (Jordan et aI., 1999; Falk et
aI., 2000; Lauf et aI., 2002). Thus a putative incompetence of Cx43-GFP to
interact with Z01 may mediate effects on GJ size similar to that resulting from
Antp-Cx43373-381 treatment.
In excitable tissues, significant investments appear to be made by cells to
ensure the precise regulation of the extent and geometry of intercellular contacts.
Disruption to this precisely regulated order appears to be the cause of significant
morbidity and mortality in diseases of excitable tissues. At present, the
mechanism by which Z01 recruitment to Cx43-GJs regulates GJ plaque size is
unclear. However, based on previously published information and the data
published here, a number of scenarios can be envisaged in which Z01 acts in
addition to or removal from established GJ channel aggregates. As will be
discussed .. in the concluding chapter, elucidating the mechanism of Z01 action
may have important implications for understanding diseases of conduction in
excitable tissues and the development of treatment strategies for such
pathologies.
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CHAPTER V. DISCUSSION AND CONCLUSIONS
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CHAPTER V. DISCUSSION AND CONCLUSIONS

Introduction
In chapter 2, it was demonstrated that recruitment of Z01 to GJ plaques or
annular GJs during dynamic remodeling events, such as the disruption of cell-cell
contacts, resulted in an increase in Cx43-Z01 interaction.

Furthermore, this

increase in interaction between Cx43 and Z01, and the internalization of GJs,
were found to be correlated with increases in the apparent phosphorylation
status of Cx43, a finding consistent with previous reports (Guan et aI., 1996). In
subsequent chapters, it was shown that Z01 functions in the regulation of GJ
plaque size in vitro and in vivo.
myocardial

d~velopment

Decreased Cx43-Z01 interaction during

was found to correspond to postnatal increases in GJ

plaque size, and inhibition of this interaction using two differing approaches
resulted in significant increases in the size of Cx43-containing GJ. Additionally,
the characterization of a putative dominant negative inhibitor of Z01 interaction
with Cx43, used previously by others (Toyofuku et aI., 1998), was described.
The results obtained using this particular dominant negative construct raise
questions regarding its specificity as a disrupter of the interaction of interest (Le.
Cx43-Z01). However, these data reinforce the prospect that interplay between
GJ and AJ in cardiac tissues may be important in the localization and function of
electrotonic couplings between myocytes.
The functional consequences of these findings remain to be fully
assessed, but multiple conclusions and inferences can be drawn from this data.

116

The role of Z01 in determining GJ size may be an important factor in a variety of
cellular functions, as well as physiological, pathological, and developmental
processes.

These processes are likely to be correlated with the generation of

characteristic GJ coupling geometries between cells. While the mechanisms that
serve in the determination of such patterns of intercellular contact remain to be
elucidated, the studies described herein provide compelling hints as to how Z01
may function in such mechanisms.

Further work will likely show that roles for

Z01 extend to perturbations of GJ coupling in diseases of excitable tissues.
Indeed, the manipulation of Cx43 distributions using inhibitors or activators of
Cx43-Z01 interaction represents a potential treatment modality for conduction
abnormalities associated with disrupted GJ coupling organization and geometry.

Possible Cellular Functions of the Cx43-Z01 Interaction
Z01 had been proposed to regulate GJ distribution in myocytes by
targeting, clustering, and maintaining Cx43 at specific regions of the cell
membrane (Toyofuku et aI., 1998,2001; Giepmans et aI., 1998). While Z01 may
function in one or more of these proposed roles t studies of spatial co-distribution
of Cx43 and Z01 in the rat heart described in chapter 2 indicated that Z01-Cx43
interactions are normally limited to low to moderate levels. Such findings are not
what would be expected if Z01 were to playa major structural role in aggregating
and maintaining GJs at specific regions of myocyte sarcolemma.

Such a role

has been suggested for Z01 at the AJ (Itoh et aI., 1997; Immamura et aI., 1999).
Indeed, the data reported here supports this contention, as Z01 and components
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of the AJ co-localized at a much higher spatial density than Cx43 and Z01
(Barker et aI., 2002).
What are the alternative explanations for the physiological significance of
Cx43-Z01 interactions? Cx43-Z01 interaction is increased at cytoplasmic sites
during dynamic GJ remodeling (Defamie et aI., 2001; Barker et aI., 2002), such
as that induced following the disruption of myocyte-myocyte contacts.

During

this process, cell-surface located GJ plaques are internalized to form annular
GJs and cell-surface located GJ vesicles (Severs et aI., 1989). Based on this
increased association, it may be surmised that Z01 could function in the
internalization of GJ, annular GJ formation, or trafficking of internalized GJ
particles (see figure 2-11).

The ability of Z01 to bind to the cytoskeleton and

force generating proteins, such as actin, makes this possibility reasonable. Actin
can be found in the undercoat of GJs (Watanabe et aI., 1988) and has been
implicated in the endocytosis of these structures (Larsen et aI., 1979).

Other

studies have shown that actin is involved in the endocytosis of vesicles from the
cell membrane (Merrifield et aI., 1999), including during annular GJ formation in
SW-13 adrenal cortical tumor cells (Murray et aI., 1997).

As a link between

membrane proteins and the actin-based cytoskeleton (Itoh et aI., 1997; Fanning
et aI., 1998), indirect evidence thus exists for a role for ZO-1 in the remodeling of
GJs during the formation of annular GJs.
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Proposed Functions of Z01
at the Gap Junction

a.

Internalization

b.

Limiting Aggregation

c.

Division of Plaques

Figure 5-1. Proposed Mechanisms for Z01 Function at the GJ
Plaque. Based on the results obtained from this study, we have
envisaged that Z01 may participate in one or more of the following
scenarios.
Z01 may function as part of the GJ internalization
machinery to form or traffic annular GJ (a). Second, accumulations of
Z01 may acts as fixtures at the limits of the GJ plaque that may
prevent further GJ subunits from aggregating into larger plaques (b).
Lastly, Z01 may limit the size of GJ plaques by binding to connexin43
and reducing larger GJs into multiple smaller units (c).

Further studies, described in chapters 3 and 4, using complementary
inhibitory approaches were conducted by blocking binding sites at the second
PDZ domain of Z01 and at the carboxyl terminus of Cx43. In the first approach,
an adenovirus expressing a putative dominant negative inhibitor (DN-Z01) was
used. Use of this inhibitor resulted in changes to GJ distribution, although an
increase in Cx43 particle size was also noted as an effect of DN-Z01 expression.
We concluded that the changes in GJ distribution and increase in cytoplasmic GJ
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induced by adv-DN-Z01 may have resulted from effects of this treatment on
assembly or stability of AJs between myocytes.

As a consequence of this

conclusion, a second strategy was developed based on a novel peptide (AntpCx43374-382) that consisted of an antennapedia internalization vector linked to the
carboxyl terminal sequence of Cx43, which (thus far) is known to bind only Z01 .
This approach resulted in a highly significant increase in cellular GJ content that
enabled the determination that a primary effect of Z01 is the regulation of GJ
size.
The studies described herein, using differing inhibitory approaches, have a
common effect in that they both induce an increase in the size of GJs.
Importantly, this effect comes into sharpest focus in the experiments detailed in
chapter 4, where the use of Antp-Cx43374-382, a specific inhibitor of Z01-Cx43
interaction, is described. One scenario explaining the observed effects, based
on the results of inhipition of Cx43-Z01 interaction, is the disruption of the ability
of GJs to be internalized to form annular GJ. That is, inhibiting the removal of
GJs from the membrane, as in the formation of annular GJs, may result in the
increases in GJ size reported in this study.
implicating Z01

in

annular GJ formation,

While there is no direct evidence
confocal

microscopy and

co-

immunoprecipitation have indicated an increased Cx43 and Z01 association
following GJ internalization (Barker et aI., 2002). In addition, the time course of
annular GJ formation

correlates with an increase in co-localization and

interaction between Cx43 and Z01 (Barker et aI., 2002; Severs et aI., 1989;
Mazet et aI., 1985).
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Alternative models should also be considered for the explanation by which

Z01 modulates GJ plaque size (figure 5-1 b and c). For example, Z01 may limit
GJ size by binding the components that comprise the GJ plaque. Z01 may also
regulate GJ plaque size by binding to connexon oligomers and preventing either
the aggregation of these channels into larger structures, or preventing their
addition to existing GJ plaques.

Unfortunately, the ability to detect such

interactions between Z01 and small groups of connexons would be difficult, if not
impossible, to discriminate using electron or confocal microscopy.

A related

mechanism for limiting GJ plaque size could include a role for Z01 as a fixture at
the edges of larger GJ plaques that serves to limit the addition of individual
connexons or smaller channel aggregates.

Such a model would explain the

limited co-localization between Cx43 and Z01 found in adult myocardium (Barker
et aI., 2002).

However, we have found little evidence in confocal micrographs

that we have imaged that such a spatial arrangement exists.

Z01 may also

function to actively limit GJ plaque size by binding to GJ plaques and inducing
division of channel aggregates into smaller plaques (figure 5-1 c).

Presumably

such a mechanism could involve the use of force-generating proteins such as
actin, in a manner similar to the model previously proposed which suggested that

Z01 may participate in annular GJ formation.

Further studies are evidently

necessary to determine which, if any, of these Z01 based models are involved in
the regulation of GJ plaque size.
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Cx43-Z01 Interactions in Cardiac Development and Disease
The remodeling of myocardial GJs is a feature of developing myocardium
that ultimately results in characteristic distributions of GJs between adult
cardiomyocytes.

At the intercalated disks found in mature myocardium, a

characteristic geometry of coupling exists, with larger GJ plaques circumscribing
the periphery of the disk, and smaller, more punctate junctions contained within
this ring (Gourdie et aL, 1991; Kaprielian et aI., 1998; Barker et aI., 2002). The
view of single optical sections taken through "en face" intercalated disks
presented in chapter 2 shows that limited co-localization between Cx43 and Z01
can be observed in smaller GJ plaques, while there is little or no apparent codistribution of these proteins at the larger GJ plaques at the edges of these disks
(figure 2-3). Similarly, we have shown that in cultured neonatal myocytes, some
co-localization between Cx43 and Z01 can be observed at punctate GJs (figure
4-2).

However, following inhibition of the Cx43-Z01 interaction, larger GJ

plaques were formed that showed little or no co-localization between Cx43 and
Z01 (figure 4-2j). Interestingly, in these same cultures, partial co-localization of
the two proteins could be observed in smaller GJs.

These qualitative

assessments correlate Z01 interaction with smaller GJ plaque size in a manner
similar to the quantitative assessments of GJ plaque size and Z01 coimmunoprecipitation studies undertaken during postnatal development in chapter
4.

Indeed, the increase in GJ particle size following decreased Cx43-Z01

interaction due to exogenous inhibitors was similar to the increase in GJ plaque
size observed over postnatal development (compare figure 4-2 with 4-10).
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These results, while in part correlative, suggest an important role for Z01 in the
regulation of GJ size during postnatal development.
GJ remodeling is known to occur during physiological and pathological
processes in various tissues, including those comprising excitable organs such
as the heart and brain. In the heart, changes in the organization of GJ contacts
during postnatal maturation serve to generate patterns of myocyte coupling
necessary for development of anisotropic conduction - an electrophysiological
characteristic of the adult heart required for coordinated and synchronous
myocardial contractions (Spach et aI., 2000; Litchenberg et aI., 2000). The
breakdown of these highly organized coupling patterns in the adult,· to
recapitulate distributions of GJs seen in the immature myocardium, is a
consistent feature of cardiomyopathies (Smith et aI., 1991; Sepp et al.. 1997;
Dupont et aL,

2001;

Severs et aI., 2001;

Kanno et aI., 2001). Such

heterogeneities in GJ coupling in conduction and working myocardial tissues
have been implicated in the genesis of arrhythmias and sudden cardiac death
(Nguyen-Tran et aI., 2000; Gutstein et aI., 2001; Yao et ai., 2003). As such,
understanding of the mechanisms orchestrating the developmental patterning of
GJs may provide insight into disruptions to GJs associated with cardiac disease.
We have shown that Z01 interaction with Cx43 is increased during GJ
remodeling following dissociation of myocytes (figure 2-9) and during myocardial
development (figure 4-9). We have also demonstrated that a reduction in Cx43Z01 interaction results in an increase in total GJ content of myocytes (figure 4-3).
The involvement of Z01 in remodeling diseased myocardium remains a plausible
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scenario, with an increase in Z01 interaction with Cx43 perhaps explaining the
decreases in GJ content often observed in cardiomyopathies (Smith et at., 1991;
Peters et aI., 1995; Sepp et aI., 1997; Dupont et aI., 2001). If this is indeed the
case, one mechanism for countering the decreased GJ quantity found in
myocardial disease could involve targeting Cx43-Z01 interactions.

However,

restoring the function of myocardium following such perturbations in GJ
distribution will require more than increased GJ content.

Presumably, the

distribution and function of the increased GJ content must be precisely
controlled, so that conduction through the tissue remains coordinated and
synchronous.

Inducing such an organized arrangement of GJ quantity and

distribution in tissue may prove to be a challenge.

Future Directions
The

studies

that

were

presented

herein

include

complernentary

approaches to inhibit the interaction between Cx43 and Z01. An extension of
the ability to manipulate Cx43-Z01 interactions can be expected to be developed
as part of ongoing experiments in vitro and in vivo. Initial studies may be aimed
at determining how Z01 functions to limit GJ plaque size. In addition, the role of
Z01

in establishing or maintaining the distribution of GJ remains to be

elucidated. While Z01 distribution can be correlated with the localization of both
T Js and AJs, Z01 has shown limited (low to moderate) levels of co-localization
with GJs. Determining how Z01 interacts in the remodeling of GJs may require
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an examination of its role in other junction types, such as the AJ and T J, and how
these factors affect GJ assembly and maintenance.
The use of rationally designed antennapedia-based peptides to inhibit
Cx43-Z01 interaction appeared to be a highly effective and specific approach.
These peptides were shown to inhibit the interaction between Cx43 and Z01,
and to result in an approximately fourfold increase in total GJ content of cultured
myocytes after just 24 hours.

A similar but more modest effect was seen in

astrocytes in vitro. The logical extension of these studies would be the use and
expression of these peptides using genetic approaches in vivo. In myocardium, it
may prove useful to determine whether the time course of GJ polarization to the
intercalated disk can be altered using this highly specific inhibitory approach. In
addition, it would be useful to add this motif to other proteins, such as GFP, to
examine in real time whether they may be targeted to GJ plaques. The dominant
negative approaches presented in chapter 3, while useful in demonstrating an
increase in GJ particle size following inhibition of Cx43-Z01 interaction, were
complicated by the observation that .assembly of AJs appeared to be disrupted.
Because the distribution of AJs would presumably remain intact, inhibitory
antennapedia peptides may prove to be more useful for examining the role of
Z01 in regulating GJ distribution and size in Cx43 expressing cells.
Another tool that may prove to be useful would be a construct expressing
Cx43 modified at the carboxyl terminal domain responsible for Z01 binding.
Because the addition or removal of amino acid residues from the carboxyl
terminus of Cx43 is sufficient to abolish its ability to bind to Z01 (Giepmans et aI.,
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various tissues, such as heart and brain, may hold the key to determining the
regulatory elements involved in development of electromechanical conduction.
Importantly, this knowledge may also be key to understanding and arresting the
arrythmogenic potential inherent in excitable tissues.
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